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Abstract 
Competition between indigenous and introduced strains 
of Rhizobium trifolii has been advanced as a possible 
explanation for poor results from inoculation of white 
clover seed in hill soils. Interactions between strains 
of R. trifolii for nodulation of white clover cv. New 
Zealand Grasslands Huia (NZGH), were examined. 
R. trifolii isolates were obtained from naturalised 
white clover •nodules and from soil samples collected from 
an area in the Cleish hills, Scotland. Representative 
strains were selected after tests of each isolate's 
intrinsic antibiotic resistance pattern (fingerprint) and 
screened for .their growth and serogroup characteristics 
and their relative effectiveness with the white clover 
cultivar NZGH. Grouping of strains by fingerprint 
similarities was confirmed by serology, but these 
classifications were generally unrelated to the strains' 
growth rates or relative effectiveness with white clover 
plants. Symbiotic effectiveness, as measured by shoot 
dry matter production, was strongly related to total nodule 
fresh weight per plant. The majority of the Cleish strains, 
when compared with standard strains of varying effectiveness 
were classified as ineffective. Information, based on 
fingerprinting, serogrouping, growth rates and symbioses 
data, was used to show overall strain relatedness, and 
four dissimilar strains were selected for use in a series 
of competition experiments, using spontaneous antibiotic 
V 
resistant mutants of the selected parent strains. 
In paired strain experiments the ratio of strains 
occupying the nodules was directly related to the ratio 
of the two strains in the inoculum. Regression analysis 
showed that competition for nodulation occurred in all 
cases. Three competition indices were compared and all 
were unaltered by nutrient solution pH, or temperature. 
Different plant clones, although producing significantly 
different numbers of nodules per plant, did not alter the 
competition indices. Priming a young radicle with single 
strain 72 hours prior to the main inoculation (1:1 ratio 
of 2 competing strains) altered the nodulation ratio, with 
the primarily introduced strain forming the majority of 
the nodules. Enhancement of nodulation by an ineffective 
strain, in competition with an effective strain, reduced 
the shoot dry matter production of the host plant. 
Use of a granular peat base, rather than a spray 
inoëulant, to introduce the marked strains into an improved 
hill site, encouraged their establishment in the soil and 
nodules in the first year. Liming at 5 tonne ha -1  raised 
the soil pH but generally did not alter the populations 
or nodula.ting abilities of the introduced strains. 
Correlations between soil PH and rhizobia measurements 
were inconsistent over time. Extractable levels of soil 
ammonium, aluminium, phosphorus and potassium, were not 
related to changes in populations of the introduced strains. 
Proportional nodule occupancy by each marked strain was 
related to its soil or rhizosphére population when 
considered as a proportion of the total population. Thus, 
the competitiveness of each strain under field conditions 
could be measured. 
The ranked orders of competitiveness of the four 
marked strains were similar in the enclosed tube and field 
experiments, and both were related to the ranked order of 
the parental strain growth. rates. Nodulating competitive-
ness was not related to the differential ability of each 
strain to survive and multiply in the soil (saprophytic 
competence) or its effectiveness with white clover. In 
discussion of possible mechanisms it is postulated that the 
major area for such competitive interactions occurs close 
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The need for improvement in hill and upland areas 
Marginal agricultural areas in the United Kingdom, 
primarily upland and hill farms, contribute only about 
7.7% of the total gross agricultural output despite the 
fact that they occupy more than one-third of the land 
surface (Newbould and Floate, 1979). Over 70% of this 
area (6.5 x 10  ha) is covered with native grassland or 
rough grazing (Newbould and Floate, 1979). Given that 
the national objective is greater meat production with 
minimum inputs of money and energy, improvement in the 
available forage must be made. This is because the most 
important factor influencing animal output is nutrition, 
and this needs to be improved throughout the year (Hill 
Farming Research Organisation, 1979) although it is 
particularly important at critical periods in the reproductive 
cycles. Such critical periods in the yearly cycle of sheep 
production are: prior to mating (Armstrong, Eadie and 
Maxwell, 1983; Gunn, Poney and Russel, 1969), in late 
pregnancy (Russel, 1971; Russel, Doney and Eadie, 1978) 
and during lactation (Peart, 196ni; Russel et al, 1978). 
These and other relationships between nutrition and animal 
production are dealt with in more detail in the Hill 
Farming Research Organisation, Silver Jubilee Report (Hill 
Farming Research Organisation, 1979). 
The constraints restricting potential pasture 
improvements, in upland and hill areas are widespread, and 
varied. These are extensively covered and reviewed by the 
Hill Farming Research Organisation (1979), Munro (1981a), 
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Newbould (1974, 1975, 1981) and Newbould and Floate (1979). 
Essentially though these constraints can be grouped as 
either topographic, climatic, edaphic, biotic or managerial 
problems. The first two of these groups cannot be 
altered and so must be allowed for in future plans, although 
sites can be made more accessible and engineering develop-
ments continue to modify the degree of potential problems 
(Sheppard and Pascal, 1981). Therefore discussion of 
hill land improvement really relates to factors encompassed 
by the last three groups. 
Hill soils are generally acid and often of poor 
physical structure (Floate, 1968) and an important feature 
of many is the increasing accumulation of organic matter 
(Newbould and Floate, 1979). This results in low fertility, 
not because the total fund of nutrients is small (total 
nitrogen can be between 4,000 and 10,000 kg ha- 1 , total 
phosphorus may be between 400 to 2000 kg ha- 1 ) but because 
they tend to be present in an unavailable form (available 
Phosphorus may only be 2 to 10 kg ha) (Floate, 1977). 
There is no clear division, either between hill and upland 
soils, although the latter tend to be more mineral and 
have greater problems due to impeded drainage (Newbould 
and Floate, 1979). 
Associated with the different soil types are differences 
in indigenous vegetation. These can be described in terms 
of the following four communities : blanket bog (Calluna/ 
Eriophorum/Trichophorum), dwarf shrub heath (Calluna), 
grass heath (Nardus/Molinia/Deschampsia) and acid grassland 
(Agostis/Festuca) (Newbould, 1981). The acid grassland 
areas tend to overlie brown earths or the drier podzols 
as do the shrub heaths (podzols mainly), whereas the 
Nardus and Molinia dominated grass heaths become dominant 
on the wetter gleys, and in the wetter and more acid 
areas (pH 3.5-4.0) large tracts of blanket bog are present 
over deep peat (Hill Farming Research Organisation, 1979). 
The most productive type, in terms of both animal and 
vegetation (dry matter) production is the acid grassland 
which may contain some indigenous white clover (Munro, 
1981a; Newbould, 1974, 1981) but in these areas Pteridium 
aguilinum (bracken) may also be present (Newbould, 1974, 
1981). Raising the potential of indigenous pastures, at 
the very least, therefore requires some financial inputs, 
often in the cost of fertilisers, introduction of more 
palatable species and herbicides to control undesirable 
plants. However, greater energy and labour inputs are often 
required to bring about complete destruction and replacement 
of the indigenous vegetation, coupled with some mechanical 
modifications of the physical structure of the soil (Hill 
Farming Research Organisation, 1979; Munro, 1981a; 
Newbould, 1974, 1975, 1981; Newbould and Floate, 1979) 
Despite this there is a major problem of sustaining 
the yield once the improvements have been made. This may 
be partially due to incompatibility between introduced 
species and cultivars, as shown by Camlin (1981), after 
a series of trials, in Northern Ireland, involving 
various mixtures of white clover and perennial ryegrass 
cultivars. In these trials he showed that the compat-
ibility of clover with ryegrass was inversely related 
to their relative persistence. Those grasses which 
persisted poorly and produced lower yields allowed greater 
clover cover, espeOially of the mid season varieties. 
Nevertheless management of the sward and its correct 
utilisation is probably the primary determining factor 
in its success and prolongation (Eadie, 1981). In 
fact it has long been known that alternative periods of 
defoliation and rest in hill pastures impose further 
constraints upon sward production, which are superimposed 
on the climatic and edaphic limitations, characteristic 
of these areas (Grant, 1969). 
The role of white clover 
The key factor in such pasture improvement schemes 
must be the introduction of legumes (Davies, 1981) and 
in particular white clover, Trifolium repens (Newbould, 
1974; Newbould and Haystead, 1978; Rangeley and 
Newbould, 1982). Although much work has been carried out 
in hill and upland soils with other legumes such as 
marsh birdsfoot trefoil (Lotus uliginosus) in Northern 
Ireland (Gibson, Hayes and Laidlaw, 1975; Laidlaw, 1981) 
and in the West of Scotland (Charlton, 1975) little of 
their reported promise was evident in a large scale trial 
involving a number of different clovers, trefoils 7 and 
crown vetch, at Pant-y-dwr in Wales (Munro, 1981a) . In 
fact Munro (1981b) attributes the Northern Ireland results, 
which favoured the establishment of marsh bjrdsfoot trefoil 
rather than white clover cv. S184, to managerial practices 
rather than a greater intrinsic potential as a pasture 
species. Thus the main legume species to be introduced 
to improve hill and upland pastures continues to be 
Trifoliuni repens (Munro, 1981a). 
The role of white clover in hill pastures is, in part, 
nutritional (Thomson, 1981). Compared to grass species, 
T. repens has a higher crude protein content, a higher 
level of digestible energy, a higher mineral content of 
magnesium, calcium and iron and is high in carotene (Jones,D.I.H. 
1972; Newbould and Haystead, 1978). Also its digestibility 
declines much more slowly throughout the season (Harkess, 
1963). Unfortunately it has only a relatively short 
growing season in Scottish hills (Newbould and Haystead, 
1978) and as the more palatable species of grass in a good 
sward, probably supply more protein than is required for 
the highest stocking rates (Jones, D.I.H., 1972), it's role 
must also largely be related to the nitrogen fixing 
capabilities of its symbiOtic partner Rhizobium trifolii 
(Newbould, 1974) . Forage legumes such as clovers can 
therefore be regarded as an alternative to inorganic 
nitrogen fertilisers, and, although in the first half 
of the growing season nitrogen transfer to the grass 
component is relatively slow (Haystead and Marriott, 
1978) later on the amount of nitrogen released from the 
roots steadily rises with 19% of the release being. 
incorporated into the rhizosphere biomass five days after 
defoliation, and over seventeen days 20% of this was 
taken up by the grass (Haystead and Marriott, 1979). 
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Nitrogen return though, is probably more reliant on 
digestion and excretion by the grazing herbivores (Curil 
and Wilkins, 1980; Floate, 1970a). Irrespective of the 
mode of transfer of nitrogen from legume to grass 
components, two important targets have been set for white 
clover inclusion. The target set by Cunningham (1980) 
for Scotland was the establishment of pastures containing 
T. repens, fixing about 100 kg N ha 
-1  yr 1 covering 10% 
of the hill land, whilst in Wales this was extended to 
30% to 40% of the hills' surfaces (Munro, 1973) . If 
these statistics were successfully achieved this would mean 
an increase in fixed nitrogen in UK upland agricultural 
areas of about 5 x 1O 7 tonnes yr', worth about £20 million 
in savings on nitrogenous fertilisers at 1981-1982 prices 
(Newbould, 1982). 
The need for inoculation and selection of strains of Rhizobium 
trifolii 
Estimates of nitrogen fixation in improved ryegrass/ 
white clover swards in upland sites have been recorded at 
90-98 kg ha- 1  yr 1 in Wales (Munro and Davies, 1974) and 
between 100 kg ha -1  yr 1 (Haystead and Lowe, 1977) and 125 
kg ha- 1  yr 1 (Newbould and Haystead, 1978) in Scotland. 
Although this is much lower than the mean for nine sites 
in New Zealand (185 kg ha 1 yr 1 ; Hoglund, Crush, Brock, 
Ball and Carran, 1979) the relative efficiencies, when 
expressed in terms of nitrogen fixation per tonne of 
clover dry matter, are very similar (62% to 63%, Newbould, 
1982). This suggests that under experimental conditions, 
climatic and not biological factors are limiting nitrogen 
fixation in British uplands. However although this is 
the case in carefully executed experiments, results in 
practice often fall well below expectations (Munro, 1981b). 
One of the major problems with many hill soils, especially 
acid peat, is that rhizobia are often absent, and where 
present tend to be ineffective with introduced clover 
cultivars (A.R.C. 1978; Lowe and Holding, 1970; Jones, 
1963; Jones, Munro, Hughes and Davies, 1964; Newbould 
and Haystead, 1978) although they may form an effective 
symbiosis with indigenous plant ecotypes (Lowe and Holding, 
1970; Masterson, 1973) . This is in direct contrast 
with the British lowland situation where symbiotically 
effective strains tend to prevail (Nutman and Ross, 1970) 
even though there may be considerable strain diversity 
in one location 	 (Purchase, 
Vincent and Ward, 1951). However as the potential for 
increased production from legumes is much greater in the 
hills than the lowlands, the recent study conference of 
the Scottish Agricultural Colleges recommended that all 
legume seed used in the uplands should be inoculated with 
appropriate strains of rhizobia (Munro, 1981b). 
The technical details for the production, application 
and quality control of various inoculants are covered by 
Brockwell (1980), Thompson (1980) and Vincent (1970). 
These methods, together with the various requirements 
for inoculation and selection of appropriate strains, are 
critically assessed and extensively reviewed by Brockwell 
(1977), Brockwell et al (1980) , Burton (1976) , Date (1976) 
Date and Roughley (1977), Roughley (1976, 1980) and 
Strijdom and Deschodt (1976). 
Historically the first artificially produced 
inoculants were liquid bacterial cultures added to seed or 
directly to the soil, and patents were sought for these 
in the UK and USA at the turn of the century (Fred, 
Baldwin and McCoy, 1932). Since then the use of commercially 
produced inoculants has spread throughout the world 
(Thompson, 1980) although at present major production, 
together with the bulk of the research and development 
of suitable carrier substances is centred in Australia, 
South Africa and USA (Strijdom and Deschodt, 1976). In 
New Zealand, the Inoculant and Coated Seed Testing Service 
(ICSTS) recently commenced operation, and production of 
autoclaved carriers for commercial rhizobia preparations 
has continued in Uppsala, Sweden since its initiation in 
1914 (Thompson, 1980). The need for legume inoculants 
in most countries may therefore be satisfied by a range 
of options, from purchase of the prepared product from 
another country, to a full scale local programme of inoculant 
development, including selection of local strains and 
use of local materials (Thompson, 1980). However despite 
numerous recommendations, up to 1978, there were no locally 
produced commercial preparations in Britain and no testing 
authority to protect the farmer (Day and Roughley, 1978) 
and this is probably still the case (Day, pers. comm.). 
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The above review papers cite many preferred choices 
for type of inoculant preparation, but there is still 
a great deal of disagreement concerning procedural 
recommendations, including the number of viable rhizobia 
required for positive results. Each method of application 
of rhizobia has its own advantages and constraints under 
different environmental conditions. When rhizobia were 
subject to temperature and moisture stresses, Kremer 
and Peterson (1982) advised the use of an oil based carrier. 
When sufficient moisture was available in the soil, Rogers, 
Warren and Chamblee (1982), working with Rhizobium meliloti 
and Lotus rhizobia achieved better results from seed 
inoculation rather than post emergence spraying. The 
converse was true, however, for the use of Rhizobium 
trifOlii in harsh winter environments (Hely, Hutchins and 
Zorin, 1980). Indirect inoculation to the seed-bed rather 
than to the seed surface was also recommended by Brockwell 
et al (1980), when conditions are unfavourable for rhizobial 
survival. The use of various coating materials was 
advised by Lowther and Johnstone (1979) although the 
benefits of lime and phosphate pelleting was dependent on 
soil pH (Lowther, 1974). In this case, at a soil pH of 
6.2, lime coating and pelleting depressed white clover 
growth although stimulation of production occurred in more 
acid soils. Despite this evidence from New Zealand, 
little of the promise of pelleting and lime coating of 
seed, was observed in Wales by Jones, Druce and Williams 
(1967) 
ii. 
Similar confusion exists over reports of the benefits 
of inoculation when considering the numbers of rhizobia 
to be used. Waggoner, Evers and Weaver (1979) found that 
600 viable cells per seed were adequate and increasing 
the concentration had no significant effect on nodulation 
of white clover. However the results of Lowther (1974) 
and Gaur and Lowther (1982b), indicate that the percentage 
of nodules formed by introduced strains increased with 
an increase of their representation in the inoculum from 
1-2 x 1O 3 to 1-2 x 1O 4 rhizobia per seed, which may lead 
to increased clover growth in some cases (Lowther, 1974). 
The general view, though, expressed by Roughley (1976) 
is that in rhizôbia-free soil, with good conditions for 
growth and survival, 100 rhizobia per seed may be a 
satisfactory inoculum level, whereas, in cases of large 
numbers of ineffective indigenous rhizobia, or where 
adverse conditions prevail, numbers per seed in excess of 
one million may be required. In this case the concentration 
of introduced rhizobia per seed should exceed the numbers 
of ineffective rhizobia per gram of soil (Date, 1976). 
In Britain the two most favoured types of inoculum 
are the standard peat-based kind for seed inoculation using 
methyl cellulose as an adhering agent (Newbould and 
Haystead, 1978) and post emergence liquid inoculants 
(Young and Mytton, 1980). However benefits of clover 
inoculation in British hill land are not always apparent 
and in many areas have been disappointing (Newbould and 
Haystead, 1978). In fact in a four year collaborative 
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effort throughout the UK (Newbould et al, 1982) positive 
responses from inoculation were obtained from only 18 
out of 139 comparisons, although these same Edinburgh 
strains had performed well in Welsh trials (Munro, 1981b). 
This general lack of response may partially be due to 
loss of viability of the rhizobia on the seed (Lowther, 
1975; Salema, Parker, Kidby and Chatel, 1982). Decline 
of rhizobia on white clover seed has been attributed to 
both the effects of drying and to diffusable seed toxins 
(Hale, 1977). In fact Young and Paterson (1980) found 
condensed tannins obtained from white clover seed were 
toxic to Rhizobium trifolii. However liquid inoculants 
produced from broth cultures have also been found to 
rapidly lose their viability (Gault, Chase and Brockwell, 
1982). Survival of rhizobia may thus be improved by 
seed washing, treatment with phenolic absorbants or 
activated charcoal before inoculation (Hale and Manthers, 
1977) or by the use of a protectant such as a mixture 
of sucrose and sodium glutamate (Salema et al, 1982). 
Nevertheless it should be remembered in all cases, that 
-p 
pre-inoculated seed has a very limited shelf-line, and 
so prolonged storage is inadvisable (Newbould and Haystead, 
1978). 
The most convincing evidence so far in the UK of the 
potential benefits of clover inoculation, have been 
produced by Young and Mytton (1980) using post emergence 
sprayed inoculum. In this case only 2 of the strains 
under investigation, both isolated from upland soils 
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performed well, although the most effective culture in the 
laboratory tests was representative of a "Lowland" strain. 
There exists the possibility that selected strains may 
not be effective with the chosen plant cultivar (Bonish, 
1980; Jones, Burton and Vaughn; Mytton, 1978). In 
the light of this, it is surprising, that Young and 
Mytton (1980) used a different clover cültivar (S100) 
to assess the relative symbiotic efficacies of the various 
strains under test, from those cultivars used in the field 
trial (S184 and NZGH). Nevertheless they do stress the 
need for improved strain testing procedures, and the 
importance of correctly matching Rhizobium strain to clover 
variety. 
It is, perhaps, pertinent at this point to note that 
some degree of confusion still exists concerning the 
meaning of the term "effectiveness". Many of the above 
authors (e.g. Jones, Burton and Vaughn, 1978; Mytton, 
1978; Young and Mytton, 1980) use the word to describe 
the overall outcome of the symbiotic relationship; that 
is, the relative plant dry matter production or relative 
nitrogen fixation. On the other hand reviews by Dunican, 
O'Gara and Tierney (1976) and Caldwell and Vest (1977) 
apply the term to the rhizobia, based on the appearance 
and functioning of the nodules formed by each strain. 
Ineffective strains, according to Dunican, O'Gara and 
Tierney (1976) can produce nodules on their host legume, 
which are small and do not fix nitrogen, due to the 
absence of bacteroids and leghaemoglobin. Effective 
IL' 
strains are generally regarded as being able to initiate 
the development of nodules on their host legume and 
proceed through the several stages required to form the 
bacteroid-containing tissue which fixes atmospheric 
nitrogen. Caldwell and Vest (1977) introduce a further 
classification, that of "ineffecient effective" strains. 
These may initiate the formation of some pink nodules 
which may fix nitrogen to a lesser extent, but the host 
plant can also be small and chlorotic. Thus effectiveness 
is a relative, not a quantitative, term and open to 
different interpretations depending on the experimental 
expectations and conditions. 
Competition between strains of Thizobia 
1) 	Rhizobia in the soil 
The ability to form effective nitrogen-fixing nodules 
on the host legume has long been used as a selection 
criterion for strains of rhizobia, to be used as an inoculum 
(Date, 1976). However competition with naturalised 
strains which may be adapted to the prevailing conditions, 
but unproductive with the introduced legume (Parker, 
Trinick and Chatel, 1977), can be an important factor 
contributing to the success or failure of the added 
inoculum (Vincent and Waters, 1954). Although it has 
been shown that rhizobia can survive in the soil for at 
least 10 years (Vincent, 1954a), the desirable strains 
must be established in sufficient numbers to remain a 
substantial, stable, naturalised component of the soil 
microflora (Roughley, 1980). Even so a programme of 
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inoculation can only be successful if the introduced 
strains are competitive in forming nodules on the host 
(Newbould and Haystead, 1978; Date and Roughley, 1977; 
Parker, Trinick and Chatel, 1977). It should, neverthe-
less, be remembered that, competition for nodulation need 
not be related, in any simple way, to competition for 
growth (Vincent and Waters, 1954). Early mortality 
and variable survival of strains in an inoculum has 
also been attributed to causing variable nodulation 
success (ARC, 1978; Ikram and Broughton, 1980). 
Quantitatively the numbers of rhizobia associated 
with inoculated seed represent only a small fraction of 
the total soil microflora. Brockwell (1977) calculated 
that with subterranean clover, inoculated at a rate of 
1 x 10 cells per seed, a total of 1 x i0 1° Rhizobium 
cells per hectare, is introduced into the soil. This 
is equivalent to only 8 cells per gram of soil to a depth 
of 10 cm, compared with the total microflora which may 
number 1 x 108 viable units per gram, many of which may 
be naturally occurring rhizobia. Thus a preliminary 
estimate of competition likely to be encountered, from 
naturalised rhizobia, can be obtained by enumeration of 
the soil population (Brockwell, 1980). However even 
with a negligible natural population of rhizobia (less 
than 10 cells g- 1  soil) in an Australian red earth numbers 
of Rhizobium sp. decreased steadily from their initial 
level when inoculated onto Vigna mungo (Bushby, 1981b), 
and so factors other than interactions with indigenous 
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strains have to be considered when introducing an inoculum. 
Some such physical and chemical factors, together with 
biological antagonism are extensively reviewed by Parker, 
Trinick and Chatel (1977) and Vincent (1977). These 
include the effects of temperature, moisture, salinity, 
soil acidity, soil fertility and agro-chemicals. 
The major chemical and physical factors affecting 
the survival of R. trifolii in Scottish hill soils are 
likely to be those related to soil acidity and water 
content. Associated with low soil pH in these soils are 
often low available phosphate concentrations and relatively 
high available aluminium levels (Newbould and Floate, 
1979). These areas are also subject to high annual 
rainfall (Newbould and Floate, 1979) although drying 
of the soil surface can occur in exposed sites during 
summer (ARC, 1978). 
Rhizobium trifolii is known to be especially sensitive 
to acid soils (Roughley and Walker, 1973) and Jones 
(1966) produced a high correlation between soil pH and 
density of indigenous rhizobia in Welsh sites. However 
different species and strains of rhizobia can show marked 
variation in their ability to grow in acid soils (Graham 
and Parker, 1964; Keyser, Munns and Hohenburg, 1979). 
This has also recently been demonstrated for strains of 
Rhizobiunt trifólii (Jones and Morley, 1981). Bromfield 
and Jones (1980b) showed that the reaction of different 
strains to soil pH differed from their reaction to culture 
pH. Variations also exist between strains of soybean and 
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cowpea rhizobia, concerning their adaptation to low 
phosphate concentrations (Cassman, Munns and Beck, 1981b; 
Keyser and Munns, 1979) and high aluminium levels (Keyser 
and Munns, 1979). The fact that tolerance of acidity did 
not necessarily entail tolerance of aluminium, and that 
overall aluminium was a more severe stress than low pH 
or low phosphorus, might help to explain why Bromfield 
and Jones (1980b) failed to adapt strains of R. trifolli 
to acid soil conditions, by stepwise culture onto media 
of progressively lower pH. 
With respect to soil water content, Osa-Afiana 
and Alexander (1979) showed that Rhizobium declined rapidly 
in flooded soil with a major effect being due to organic 
acid production and grazing by protozoa. On the other 
hand, rapid decline of Rhizobium populations, due to 
drying of the soil, was also recorded in parts of the USA 
(Pena-Cabriales and Alexander, 1979) and Western 
Australia (Chatel and Parker, 1973à). Poor inoculum 
survival in Britain has also been attributed to desiccation 
of the soil surface during dry periods (ARC, 1978). 
2) 	Rhizobia in the rhizosphere 
The specificity between legume host and Rhizobium 
species, is expressed at a very early stage of the 
infection process, before the formation of the infection 
thread (Li and Hubbell, 1969). However before recognition 
and infection can occur the rhizôbia must colonise 
the root surface. The ability to colonise the roots and 
non-rhizosphere soil and to survive under adverse conditions 
lb 
has been described by Chatel, Greenwood and Parker (1968) 
as "saprophytic competence" and is clearly an important 
attribute for any strain competing for nodulation of its 
host legume. Also, as bacteria in the soil away from the 
influence of roots, are generally regarded to be existing 
in a semi-dormant phase, as opposed to those close 
to the roots surfaces, where active growth is taking place 
(Gray and Williams, 1971), the area where most competitive 
interactions between strains of rhizobia occur, is likely 
to be the rhizosphere (Parker, Trinick and Chatel, 1977). 
The original incursion of the rhizosphere by the 
soil rhizobia may be passive or random; such as intimate 
contact of a pioneer root with a root already harbouring 
its own population of rhizobia, or with another rhizobial 
source (Parker, Trinick and Chatel, 1977), or the 
transfer of rhizobia by leaching of soil water (Martin, 
1971). Active incursion via chemotaxis may also play 
a part, although there is disagreement over the importance 
of this process (Sprent, 1979; Dazzo, 1980). Although 
some results such as those of Currier and Strobel (1976) 
require further confirmation (Sprent, 1979), there are 
several reports regarding chemotaxis to root exudates 
of legumes, by rhizobia in agar culture (Gitte, Rai and 
Patil, 1978; Hunter and Fahring, 1980; Kush and Dadarwal, 
1981). However chemotaxis has been shown not to be 
essential for colonisation and infection of clover roots 
(Napoli and Albersheim, 1980). 
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Once the encounter between legume root and viable 
rhizobia has occurred, colonisation of the rhizosphere 
appears to be stimulated by the plant (Gray and Williams, 
1971; Martin, 1971; Parker, Trinick and Chatel, 1977; 
Rovira, 1956a, b, c). In fact growth in the rhizosphere 
may increase numbers of rhizobia by up to 1O 4 times 
compared with the soil population (Nutman and Ross, 1970). 
Stimulation of rhizobia is generally regarded to be 
greater by the legumes able to form nodules with them 
(Hely and Brockwell, 1962; Parker, Trinick and Chatel, 
1977; Dart, 1977; Purchase and Nutman, 1957; Sprent, 
1979; van Egeraat, 1975b); although Peters and Alexander 
(1966), and Reyes and Schmidt (1981) disagreed with this. 
This may possibly be due to the fact that the composition 
of root exudates appears to be species specific (Rovira, 
1956a). The type of root may also have a profound effect. 
Van Egeraat (1975a) found that the Pisum sativum tap root 
does not favour rhizobial activity and its exudates 
may even be inhibitory. However stimulation of R. legum-
inosarum occurred as soon as the lateral roots began 
to emerge. 	Growth of the host legume is also subject 
to the variable nature of the environment (Sprent, 1979) 
which may result in the stimulatory effects of root 
exudates being reduced in conditions limiting plant develop- 
ment and photosynthesis. Good reviews on the effect of 
S 
environmental stresse.S on legumes can be found as 
chapters in the following books (Hardy and Gibson, 1977; 
Hardy and Silver, 1977; Nutman, 1976a; Summerfiëld and 
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Bunting, 1980). 
It must be remembered that not only rhizobia are 
stimulated by legume root exudates, but other micro-
organisms as well (Gray and Williams, 1971; Peters and 
Alexander, 1966; Purchase, 1953; Rovira, 1956a, b, c) 
and some of these may be antagonistic towards the rhizobia 
(Pugashetti, Angle and Wagner, 1982). In certain cases 
bacteriophages have been shown to reduce rhizosphere 
populations of susceptible strains (Evans, Barnett and 
Vincent, 1977; Dnari, Truchet and Bergeron, 1976). 
Also Schwingharner and Brockwell (1978) found that 
conditions favouring growth in peat also favoured dominance 
by lysogenic and bacteriocinogenic rhizobia in cultures 
of mixed strains. These properties however have mainly 
been used as strain recognition markers, rather than for 
enhancing the agressiveness of inoculum strains (Beringer 
and Johnston, 1980; Dnari, Truchet and Bergeron, 
1976; Schwinghamer and Brockwell, 1978), although many 
cases of inter- and, intra-species antagonisms have been 
observed between Rhizobium cultures (De Antoni, 
Lopardo and Grau, 1981). 
Some of the most crucial effects the plant has on 
its rhizosphere microflora is the recognition and selective 
binding of compatible rhizobia with which it can form 
nodules (Dazzo, 1980). Thus only those strains of 
rhizobia capable of forming nodules on the plant with 
which they are associated, can be deemed as competing 
for nodulation. However Johnston and Beringer (1976) 
2] 
have shown that R. trifolii can be present in pea nodules 
in the presence of infective but not non-infective 
strains of R. leguminosarum. 
3) 	Competition for Nodulation 
The nodulation of legumes is a complex series of 
events which begins with proliferation of the rhizobia 
in the rhizosphere and the binding of the homologous 
bacteria to the root surface. Detailed accounts of 
infection of and nodule formation in legumes are given 
by Baur (1981), Dart (1977), Dazzo (1980) and Sprent 
(1979). The first visible signs of the commencement 
of infection, in most cases, is the marked deformation, 
or curling of root hairs. However not all hairs on a 
root respond, and sometimes growth through a rhizobial 
colony can occur without infection taking place (Sprent, 
1979). Clearly then, infection/receptor sites must be 
limited (Bhunvaneswari, Turgeon and Baur, 1980; Callaham 
and Torrey, 1981) and under the genetic control of the 
plant (Caldwell and Vest, 1977), although environmental 
variables such as pH (Gibson, 1977, 1980; Holding and 
Lowe, 1971; Lowther, 1974; Munns, 1968a, d; Roughley, 
1980) plant available nitrogen (Gibson, 1977, 1980; 
Heichel and Vance, 1979; Masterson, 1973; Munns, 1968b, 
c,d, 1977; Pankhurst, 1981b; Tanner and Anderson, 
1963a) and temperature (Gibson, 1976, 1977; Pate, 1976; 
Roughley, 1980) can modify this. 
Competition, defined here as interactions between 
rhizobia leading to the possession of a limited resource 
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(in this case infection sites), is usually measured by 
the numbers of nodules formed by each competing strain 
(Amarger, 1974, 1979; Labandera and Vincent, 1975; 
Marques-Pinto, Yao and Vincent, 1974; Mytton, 1978; 
Robinson, 1969a, b; Skrdleta, 1970; Skrdleta and 
Karimova, 1969; Weaver and Frederick, 1974; Weber, 
Caldwell, Sloger and Vest, 1971; Weber and Miller, 1972; 
Winaro and Lie, 1979). This may well be an over-
simplification as Winaro and Lie (1979) discovered that 
the presence of a non-nodulating strain of R. leguminosarum 
can suppress nodulation by a "normal" strain on 2 pea 
varieties. Also multiple nodule occupancy by more than 
one strain (Marques-Pinto et al, 1974) or species (Johnston 
and Beringer, 1976) of Rhizobium can be extremely common, 
especially under bacteriologically controlled conditions 
(Bromfield and Jones, 1980a). As only one strain is 
found in each plant cell, suggesting that different 
infection threads have been employed (Rolfe and Gresshoff, 
1980) such individual dually infected nodules, should 
be treated as dual singly infected nodules, one by each 
strain, when assessing competitive success. Therefore 
when dealing with competition between effective and 
ineffective strains, nodule scoring by eye (recording 
the number of large effective and small ineffective 
nodules) as was done by Robinson (1969a) will underestimate 
the contribution made by the ineffective strain, and 
these results should be treated with extreme caution 
before conclusions are drawn. Such data led Robinson 
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(1969a) and later Masterson and Sherwood (1974) to make 
the naively broad statement, that the host will 
preferentially select the most effective strains from 
those available. 
Effective strains have been shown to be more competitive 
than ineffective strains in some comparisons (Caldwell, 
1969; Jones and Bromfield, 1978; Robinson, 1969a; 
Singer, Holding and King, 1864), but in many cases 
competition for nodulation was unrelated to the potential 
nitrogen fixation of the symbiosis (Amarger, 1979; 
Franco and Vincent, 1976; Gibson, Date, Ireland and 
Brockwell, 1976; Johnston and Beringer, 1976; Mytton, 
1978; Nicol and Thornton, 1941; Pankhurst, 1981b; 
Schwinghamer and Belkengren, 1968; Winaro and Lie, 
1979). Nevertheless it is generally recognised that 
different hosts can exert different selection pressures 
on the available Rhizobium population (Caldwell and 
Vest, 1977; Jones and Hardarson, 1979; Jones and 
Morley, 1981; Marques-Pinto, Yao and Vincent, 1974; 
Roughley, Blowes and Herridge, 1976; Schwinghamer, 
1977; Vincent and Waters, 1953; Schwinghamer, 1977). 
Competitive ability of strains in a mixture has also been 
shown to be altered by pH (Jones and Morley, 1981) and 
temperature (Hardarson and Jones, 1979; Roughley, 
Bromfield, Pulver and Day, 1980; Weber et al, 1971; 
Weber and Miller, 1972) especially when strains have 
been selected from different locations. 
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Competitiveness of strains has been compared by 
means of a competive index; the ratio of nodules formed 
by each of 2 strains when represented equally on the 
root surface or in the inoculum (Amarger, 1974, 1979; 
Labandera and Vincent, 1975; Lagacherie, Hugot and 
Amarger, 1977; Marques-Pinto et al, 1974). Unfortunately 
there is only a limited amount of published work relating 
this to pre-infection events or its effect on the plant. 
Amarger (1974, 1979) has shown that the number of nodules 
formed by one strain is proportional to the number of 
cells of that strain in the inoculum, and that the 
ratio of the 2 strains prior to infection is also 
important. The ratio of two strains in the nodules has 
also been shown to be related to their ratio on the root 
surface (Marques-Pinto et al, 1974). In another study 
the competitive ability of the commercially available 
strain of R. trifolii, TAI, when introduced onto Trifolium 
polymorphum in Uruguay, was reduced by its poor 
colonisation of the roots where it could be outgrown by 
indigenous strains (Labandera and Vincent, 1975). The 
presence of ineffective rhizobia has also been shown to 
reduce the yield of soybeans (Lagacherie, Hugot and 
Amarger, 1977) and subterranean clover (Ireland and 
Vincent, 1968) although one report of possible synergism 
between two strains, increasing the yield of lucerne, 
was published in 1977 (Bordeleau and Antoun, 1977). 
Finally competition with indigenous strains has been 
postulated as one of the underlying reasons for the lack 
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of expected benefits from inoculation in Scotland, despite 
promising laboratory results (Newbould et al, 1982). 
Project Aims and Plan of Experiments 
In a four-year collaborative project, coordinated 
by the Hill Farming Research Organisation (Newbould 
et al, 1982), inoculation of white clover in improved 
hill soils had shown little of the expected benefits. 
No significant effect on the plants, was present in 118 
out of 139 comparisons.. Most of the few positive responses 
were recorded at sites with wet peaty podzols or deep 
peat soils. In the dry peaty podzols and brown earth 
soils the proportion of nodules containing introduced 
strains was less' than 20%, where no nitrogenous fertiliser 
was applied (phase I), and in one case (dry peaty podzol), 
although all the sampled plants were nodulated, none of 
the nodules contained marked strains. This indicates 
that, in the drier sites at least,, the indigenous rhizobia 
were far more competitive than the introduced strains, 
even though the original soil population was too small 
to count. 
The programme of experiments presented in this 
thesis, was initiated to examine some of the ecological 
factors affecting competition for nodulation of white 
clover, with particular reference to indigenous Scottish 
hill strains. Before such strains could be selected 
for a series of experiments, they had to be isolated 
and their overall relatedness investigated. Comparisons 
were also to be made with results from known effective 
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and ineffective standards. Dissimilar strains could 
then be compared in controlled competition experiments 
and under field conditions. 
Under controlled conditions experiments were 
designed to produce and compare stable meaningful measures 
of competition and to test the effects of some major 
variables, likely to have an influence. These included 
the effects of nutrient solution pH, the host genotype 
and temperature together with the ratio of competing 
strains in the inoculum. The effect of the outcome 
of competition between strains on the host plant, was 
also to be measured as one report in 1977 (Lagercherie 
et al, 1977) had shown that nodulation by an ineffective 
strain, in i mixture, can reduce soybean production. An 
attempt to relate results obtained under field conditions 
with the controlled experiments was also planned. In 
an experiment in a previously 	improved site (Glensaugh) 
the effects of managerial practices (liming, inoculation 
method) on the survival and nodule occupancy of the 
selected strains were to be studied over a twelve-month 
period to assess their saprophytic competence (Chatel 
et al, 1968), and to. -- further elucidate the ecological 
processes involved in competition for nodulation. 
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CHAPTER 2 
GENERAL METHODS AND MATERIALS 
This chapter deals with the main procedures used 
in the experiments with and maintenance of white clover 
plants and Rhizobium trifolii cultures, presented in this 
thesis. Deviations from these general methods will be 
included in the relevant sections of later chapters. 
1) 	Sterilisation procedures 
Where possible all media and non-disposable, non-
sterile, equipment were autoclaved for at least 15 
-2 
minutes at 121 
o  C, 15 lb in 	(approximately 1 kg cm ). 
All metallic instruments and the lips of all glass 
containers were routinely flamed in a hot Bunsen flame 
immediately prior to use. Supplements to media which 
could not be autoclaved were filter-sterilised using 
0.2,Lm pore size 'Millipore' membranes attached to a 
sterile syringe. Other equipment, such as the home-made 
multiple inoculators (this chapter 4 ci) were sterilised 
by immersion in industrial methylated spirit (IMS) for 
at least 15 minutes followed by rapid drying at 90 °C 
in a sterile autoclavable plastic bag. All aseptic 
techniques, including watering of test-tube cultured 
plants, using sterile solutions and syringes, and 
disinfection of seeds and nodules (described in later 
sections) were carried out in a Hepaire laminar air-







For Rhizobium trifolii 
Yeast-Mannitol (YM) Media - 
K2HPO4 	 0.5 g 
MgSO 4 .7H 2 0 	 0.2 g 
NaCl 	 0.1 g 
D-Mannitol 	 10.0 g 
Yeast Autoysate (Sigma) 	0.4 g 
Deionised Water 	 1.0 1 
Solid Medium (YM agar) contained 15 g 1 	agar. 
Sterilisation was by autoclaving at 121 °C for 15 minutes. 
K2HPO4 solution (0.5 g ml- 
1  ) was autoclaved separately 
and incorporated by addition of 1 ml 1- 
1.  3 g CaCO 3 per 
litre was added for maintenance of stock cultures on 
slopes. 
Defined medium 
K2HPO 4 1.0 	g 
KH 2PO4 1.0 g 
KNO3 0.6 	g 
MgSO 4 .7H 2 0 0.25 g 
CaC1 2 .2H 2 0 0.05 g 
NaCl 0.2 g 
FeNaEDTA 0.03 g 
Thiamine.HC1 1.0 mg 
Pantothenic acid 2.0 mg 
Biotin 1.0 	g 
Trace Elements 1 ml Stock, see section lb 
Agar 15 g 
30 
D-Mannitol 	 10 g 
Deionised Water 	 1.0 1 
The phosphates and vitamins were sterilised separately 
from the remaining constituents, which were autoclaved 
at 121°C for 15 minutes. Autoclaved phosphate solution 
containing 0.1 g ml- 
1  of both K 2HPO4 and KH 2PO4 in 
deionised water, was incorporated by adding 10 ml 
phosphate solution to 900 ml of cool sterile medium. 
Filter sterilised vitamin supplements were added as 1 ml 
of 'a solution, containing 1.0 mg ml- 1  Thiamine.HC1, 2.0 
mg 1 	Pantothenic acid 1 g ml- 
1  Biotin (in deionised 
water) to each litre of sterile medium. The complete 
defined medium was adjusted to a pH of 6.5-7.0. 




32.86 g 1 	Deionised 
Water 
Trace-Element Stock (Gibson, 1963) 
H3E0 3 2.86 g 
MnSO 4 .4H 2 0 2.03 g 
Na 2 moo 4 .2H 2 0 0.126 g 
ZnSO 4 .7H 2 0 0.22 g 
CuSO 4 .5H 2 0 0.08 g 
CoSO 4 .7H 2 0 0.05 g 
Deionised Water 1.0 	1 
Nutrient Solutions 
Thorntons Seedling Agar (Thornton, 1930) 
Ca 3 (PO 4 ) 2 	 2.0 g 
K2 HPO4 	 - 	0.5 g 
31 
MgSO 4 .7H 2 0 	 0.2 g 
NaCl 	 0.1 g 
FePO 4 	 1.0 g 
FeC1 3 	 0.01 g 
Trace Elements 	 1 miStock 
Deionised Water 	 1.0 1 
Agar 	 15.0 g 
114 Strength Date and Pate's Seedling Solution 
(Dart and Pate, 1959) 
K2HPO4 	 0.1 g 
MgSO 4 .7H 2 0 	 0.05 g 
*Ca50 4 (Anhydrous) 	 (59.0 mg Ca 2 ) 
FeNaEDTA 	 0.25 ml of Stock 
Trace Elements 	 0.25 ml of Stock 
Deionised Water 	 0.941 ml 
pH adjusted to 6.5 with sterile 0.1 N NaOH after 
autoclaving. K2HPO 4 was autoclaved separately as a 0.1 g 
ml- 1  solution in deionised water and added to the nutrient 
solution in quantities of 1 ml 1- 1. 
* 	CaSO 4 solution was made immediately prior to use by 
diluting 1.36 ml of 1.84 S.G. H 2 SO 4 in 500 ml deionised 
water, dissolving 2.5 g CaCO 3 in the dilute acid, and 
making the resultant solution up to 1.0 1 with deionised 
-1 	2+ water. This solution contained 1 mg ml Ca , and 
59 ml was used to make the final volume of nutrient solution 
up to 1 litre. 
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Standardised Nutrient Solution (S.N.S 
CaCO 3 0.6 g 
CaC1 2 .2H 2 0 0.2 g 
K2 11PO 4 0.4 g 
NaH 2 PO4 0.2 g 
MgSO 4 .7H 2 0 0.2 g 
FeNaEDTA 1.0 ml Stock 
Trace Elements 	 1.0 ml Stock 
Deionised Water 	 1.0 1 
When maintaining initial volume levels of nutrient 
solution in test tube culture CaCO 3 was omitted. 
pH was adjusted to the required value by the addition 
of sterile 0.1N NaOH or 0.19HC1 after autoclaving. When 
solid media was required 10 g agar 1- 1  was added. 
When stolon cloned plants were being cultured, 
indole acetic acid (IAA) (filter sterilised) was added 
to the cooling molten medium so that the final concentration 
of IAA was 15,..M, to encourage root formation (Gresshoff, 
1980). 
3) 	Growth of White Clover (Trifolium repens) 
a) 	Disinfection of Seed and Stolon Tips 
In all experiments presented in this thesis the 
white clover cultivar New Zealand Grasslands Huia 
(NZGH) was used. In all test tube culture assemblies the 
seeds, selected for uniform size with a 1 mm mesh-size 
sieve, were disinfected by immersion in IMS for 30 
seconds, followed by 10 minutes in 20 volumes H 2 0  2 
(approximately 6%). The surface sterilised seeds were 
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either placed, to be germinated, on plates of sterile 
1% water agar (10 g agar 1 	deionised water), or left 
to imbibe for 30 minutes in sterile deionised water 
before sowing. Sowing was performed with sterile 
forceps, directly into the pre-autoclaved tube assembly. 
Seed used in the field experiment (Chapter 5) was washed 
for 2 minutes in IMS and allowed to dry in closed, 
sterile, plastic petri dishes (Triple vent) in a laminar 
air flow cabinet. 
Stolon tips (2 cm long with expanded leaves removed) 
were selected from plants grown by Dr Anne Rangeley 
(HFRO). These were disinfected in the same way as for 
seeds used in controlled experiments, except that they 
were originally rinsed in a dilute solution Of Pine 
Disinfectant (A & J. Beveridge Ltd., Edinburgh) before 
the IMS treatment. 
b) 	Test Tube Culture Assemblies (see Fig. 1) 
i) 	"Gibson Tube" Technique (Gibson, 1963) 
This assembly is designed so that only the roots 
are enclosed in the bacteriologically controlled 
conditions, allowing unrestricted development of the 
shoots and leaves. 
Test tubes (15 cm x 2.5 cm) containing 20 ml 
Thorntons seedling agar, capped with aluminium foil, 
secured by a rubber band, and with a small cotton wool-
plugged watering hole at one edge, were sterilised by 
autoclaving. Whilst still hot the apparatus was 
arranged so as to produce a long agar slope extending 
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the length of the tube, but with the watering hole 
opposite the face of the slope. Once the agar was solid, 
30 ml of ¼ strength - Dart and Pate's solution was 
dispensed into the tube, through the watering hole, 
using a sterile syringe and needle. A second small hOle 
was made in the cap, adjacent to the agar, and axenically 
germinated seedling (pre-germinated on water agar), with 
straight radicle 10-15 mm long, was manipulated through 
this hole with a sterile "shepherds crook" shaped piece 
of Nicrome wire. This was done in such a way as to leave 
the radicle flat against the surface of the agar. A 
sterile "bulb" of Cling Film and moist strip of filter 
paper were fitted over the top of the tube to protect 
the young seedling from desiccation. This covering was 
removed from surriving plants after 48 hours. Inoculation 
of the plants with a rhizobial suspension and further 
additions of nutrient solution were carried out through 
the watering hole by injection. 
ii) Simplified Agar Slope Assembly 
Using this method the whole of the developing plant 
was enclosed in the tube. 20 ml of Thorntons seedling 
agar or S.N.S. agar were added to test tubes (15 cm x 
2.5 cm), which were loosely plugged with cotton wool, 
and autoclaved. Slopes approximately 8-9 cm high were 
allowed to form from the solidifying agar. Pre-
germinated axenic seedlings of Uniform length, or 
disinfected stolon tips, were placed on the slopes (one 
to each tube) so that the uppermost part was 2 cm from 
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the top of the agar. Nutrient solution was added to a 
height of 5 cm. This level was allowed to fall to a 
maintained depth of 2 cm as the roots developed. 
iii) Filter Paper Wick Assembly 
With this method, like the Simplified Agar slope 
assembly above, the developing plants were totally enclosed. 
Tubes 7 cm in length were formed from Whatman Filter 
Paper No. 1 and placed in the bottom of test-tubes (15 cm 
x 2.5 cm diam.). 2 ml deionised water was added to each 
tube, which was loosely plugged with cotton wool and 
autoclaved. Disinfected seeds, one to each tube, were 
placed at the top of the filter paper wick, between the 
filter paper and glass, but intimate with both surfaces, 
by a pair of sterile fine-point forceps. The replugged 
tubes were left in the dark for the seeds to germinate. 
After five days, S.N.S. was dispensed to a depth of 
2.5 cm, which was allowed to fall to below 2 cm before 
being maintained at 2 cm by further additions. 
Plants cultured in all the above assemblies were 
grown in controlled environment growth rooms set for a 
16 hour day length with a day time temperature of 20 °C 
unless otherwise stated. Light intensity was approximately 
100 Wm- 2  of photosynthetically active light at the level 
of the test tube rack's upper surface. Humidity was 
maintained at over 70%. 
c) 	Cultivation of White Clover under field conditions 
This will be described fully in Chapter 5 as the 
different methods of sowing, and lime applications formed 
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Fig. 1: Diagramatic representation of the three test-tube assemblies 
used for culturing white clover plants under bacteriologically 
controlled conditions. 
I. "Gibson tube" assembly 
Cotton wool plug 
Foil cap secured by rubber band 
1 strength nutrient solution 
Nutrient agar 
Simplified agar slope assembly 
Cotton wool plug 
strength nutrient solution 
Nutrient agar 
Filter paper wick assembly 
Cotton wool plug 
Tube of filter paper 
Nutrient solution 
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part of the experimental design. 
4) 	Culture of Rhizobium trifolii 
a) 	Isolation of Rhizobium trifolii 
From Nodules 
Selected nodules were excised from clover roots and 
surface sterilised in the following way. After momentary 
immersion in IMS the nodules were transferred to 20 
volumes H 2 0 2  (approx. 6%) for 3 minutes. They were rinsed 
once in sterile deionised water and crushed directly 
onto YM agar plates with a pair of sterile fine-pointed 
forceps. If rhizobia were to be isolated from nodules 
excised from soil-grown plants, this agar contained 
50 mg 1- 1  cycloheximide which was added to the cooled 
molten agar after filter sterilisation. Cycloheximide 
was added to inhibit possible fungal growth. The crushed 
nodule material was streaked across the plate with a sterile 
wire loop. The plates were incubated for 4 days at 28 °C 
to allow the rhizObia colonies to grow. 
From Soil 
To isolate Rhizobium strains from soil samples, for 
future use, 10% w/v soil suspensions (10 g soil in 100 
ml sterile ¼ strength "Dart and Pate's" solution) were 
added to plants growing in the simplified agar slope 
assembly) at a rate of 5 ml per tube. These were allowed 
to grow for 40 days before nodules were excised and 
Rhizobium trifolii isolated as described below. Algal 
growth during this period was discouraged by keeping the 
lower half of the tube shieIddfrom light by sheets 
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of black plastic, or aluminium foil. 
Growth of Rhizobium trifolii 
Cultures of R. trifolii were generally grown on YM 
agar slopes, except where growth rates were to be measured, 
a large volume of inoculum was required, or prior to 
gel-immune diffusion tests. Cultures for measurements of 
growth rates, and the inocula for the Glensaugh field 
experiment (Chapter five), were obtained by growing rhizobia 
in YM Broth rotating in 250 ml conical flasks at 100 
revolutions per minute in an orbital incubator at 28 0C. 
Cultures for gel-immune diffusion were grown on defined 
media agar slopes. For all tests, experimental procedures, 
or inoculant production 5-day old cultures incubated at 
	
) 
28°C, were always used. These were grown up from stock 
cultures maintained on YM agar slopes at 4 °C. Stock 
cultures were restreaked at least once per month. Longer 
storage was obtained by freezing cultures in sterile 
glycerol (20% w/v in deionised water). For use as small 
scale inocula or for recognition tests cells were suspended 
in, and serially diluted to the required concentration 
in, 0.85% NaCl. 
Recognition of Strains of R. trifolii 
A strain is defined by Vincent (1977) as "every 
rhizobial culture not known to have had a common clonal 
history with another culture". For the purposes of 
this thesis the technique of antibiotic "finger printing" 
similar to that of Beynon (1980) and Josey, Beynon, 
Johnston and Beringer (1979), and the use of antibiotic 
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resistence markers, were used to classify isolates and 
to distinguish between strains. Further information 
about inter-strain relatedness was produced by gel-
immune diffusion sero-grouping (Dudman, 1977; Vincent, 
1970; Schwinghamer and Dudman, 1980). 
1) 	Antibiotic FingerPrifltiflc 
This method relies on the fact that different strains 
have a different pattern (or fingerprint ) of intrinsic 
resistance to low levels of antibiotics, which remain 
stable over time (Beynon, 1980; Josey et al, 1979). 
The strains used in experiments described in this 
thesis were either stocked at HFRO, but originally 
supplied by the University of Edinburgh, School of 
Agriculture (P3, FA6), supplied by the Rothamsted 
Experimental Station (G2 = RCR10, TAI = RCR221), supplied 
by Professor A.J. Holding, Queens University, Belfast 
(HP 3 ), or collected from a range of soils from an area 
in the Cleish Hills, Fife, Scotland (prefixed Cl_.). 
Initial identification of Scottish strains (from 
Cleish) was based on their differential growth responses 
to various low levels of the following antibiotics: 
erythromycin, kanamycin. sLlphate, nalidixic acid, 
neomycin sulphate polymixin B. sulphate, streptomycin 
sulphate and vancomycin hydrochloride. Erythromycin 
was dissolved in IMS) nalidixic acid in 1 M NaOH and 
all the others in sterile deionised water. All were 
filter sterilised before addition to cooled molten 
YM agar. 
Suspensions of approximately 5 x 1O 7 cells ml- 1 F 
from 5 day old cultures were used, and replicated onto 
antibiotic plates using a home-made multiple inoculator. 
This supplied a small drop of each culture (1 x 10-1 x 
10 cells) to each plate. Growth of each isolate on 
these were compared subjectively with growth on control 
plates (no antibiotic) and scored on a numerical range 
of 0-2: 0 = no growth, 1 = noticeably weaker growth 
than the controls, 2 = comparable with controls. 
The multiple inoculator was fashioned from a glass 
petri dish filled with epoxy resin. The bottom template 
contained 21 equally spaced, 4 mm diameter wells which 
matched the 21 inoculator prongs in the upper half, 
constructed from 1 cm lengths of 1 mm thick copper wire. 
The results obtained from this test were analysed 
using single-linkage cluster analysis, and the method was 
later improved for known strains by including the antibiotics, 
rifampicin and spectinomycin (as Spectrarn Soluble, 
Ceva) and by scoring on a numerical scale of 0-4: 
0 = no growth 
1 = Very weak growth; small colony or colonies indicating 
spontaneous mutation in a small proportion of cells 
2 = Weak growth, less than 2/5 of control colony diameter 
3 = Weak growth greater than 2/5 of control colony diameter 
4 = Comparable with control 
The spectinomycin preparation was soluble in deionised 
water but rifampicin had to be dissolved in dimethyl 
suiphoxide. 
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High level Antibiotic Resistance 
For competition experiments including the field 
trial (Chapter 5) spontaneous mutants resistant to higher 
levels of some antibiotics were required. The method of 
identification of nodule isolates was similar to the 
finger printing method except that cultures could be 
spotted directly onto antibiotic plates without the need 
for dilutions or the multiple inoculator. Also antibiotic-
resistant mutants in soil, rhizosphere, or in controlled 
assemblies, could be recognised by overplating-aliquots 
of serial dilutions with YM agar containing the appropriate 
antibiotic. Thus only those strains resistant to the 
particular antibiotic would grow. Recognition was also 
improved by the incorporation of Congo red and by 
authântiation of random colonies. 
Gel-Immune Diffusion 
Although commonly used in some laboratories as a 
means of identifying rhizobia (Dudman, 1977; Vincent, 
1970) the use of this procedure in this study was to 
provide a further means of monitoring strain relatedness. 
Antisera against two of the Cleish strains was produced 	-7 
at the Animal Diseases Research Association (Moredun 
Institute), Gilmerton, Edinburgh, following the method 
described by Vincent (1970). For this test cultures 
of all-strains described in this thesis were grown on 
defined medium agar slopes for 5 days, suspended in 
sterile 0.85% NaCl and centrifuged for 15 minutes at 
10,000 g. The pellet was resuspended in 1 ml 0.85% NaCl 
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and added to pre-cut wells in saline agar plates (7.5 g 
agar per litre of 0.85% NaCl. + 0.025% Sodium azide), 
arranged in the standard hexagonal pattern. The wells 
(4 mm diameter) were spaced with 8. mm between centres 
with the centre well for antisera, 2 opposite wells for 
the standard strain and the other 4 wells occupied by 
test strains. The plates were left for over 48 hours in an 
air-tight container, containing wet tissues (to provide 
100% humidity), before being viewed with dark-field 
illumination. 
d) 	Enumeration of Rhizobia 
i) 	For inoculation purposes 
Before inoculating plants or testing fingerprint 
patterns five day old cultures were suspended and diluted 
in sterile 0.85% NaCl (for the Glensaugh experiment, 
Chapter 5, YM broth cultures were used) . Counts of total 
cell numbers were made of replicate aliquots using a 
haemocytometer slide assembly viewed at a magnification 
of 400x. The original suspension was diluted to the 
required concentrations in 0.85% NaCl. 
The viability of each inoculum was checked by 
diluting samples of the original suspension down to 
concentrations of between 3 and 300 cells per ml. 
Replicated 1 ml samples were overplated with YM agar 
and the plates incubated for 5 days at 28 0C before the 
number of colonies were counted. It was assumed that at 
these dilutions each viable cell would produce a single 
colony. Experiments were-aborted, if the viable cell 
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counts were outside the 95% confidence limits set by 
the replicated haemocytometer estimates of total cells 
in the inoculum. This was a necessary control when 
producing a mixed inoculum of different ratios of two 
strains. 
For Growth Curves 
For replicated counts, over a time span, of YM 
broth cultures, the use of a Nephelometer head attached 
to a Ufligalvo galvanometer (Corning-Eel) , was found 
to be a swift and reliable method of estimating total 
cell numbers. The turbidity of each suspension was 
recorded and compared with a calibration curve of 
turbidity against haemocytometer estimates of total 
cell concentrations. 
Plant Infection Tests of Total Soil and Rhizosphere 
Rh i z ob i a 
This method assumes that a single Rhizobium cell added 
to the test plant leads to a sufficient population in the 
root surroundings to cause nodulation. The numbers of 
tubes with nodulated plants can then be used to determine 
the likely number of rhizobia in the suspension under 
test. As this assumption was generally valid for seedlings 
grown on agar but not necessarily so for other substrates 
(Vincent, 1970), the test plants were always cultured 
using the simplified agar slope assembly. 
The method followed was that of Brockwell (1963) 
to estimate the "most probable number" of rhizobia 
from triply replicated tenfold dilutions. Soil dilutions 
were prepared by suspending 1 gram of fresh soil in 100 ml 
0.85% NaCl and shaking for 15 minutes before making 
serial tenfold dilutions. Rhizosphere suspensions were 
produced by shaking clover roots (extracted from soil 
cores) free from surrounding soil and washing off the 
remaining fine particulate matter in 30 ml 0.85% NaCl + 
0.01% (w/v) Decon 90 detergent. The roots were shaken 
in this solution for 1 hour before being removed and 
the resulting suspension diluted through a tenfold series. 
Aliquots (1 ml) of replicated dilutions were added 
to week old seedlings which were then grown for a further 
3 weeks. Nodulation was recorded as + or - for each 
tube and the final, estimated, mean total numbers of 
rhizobia calculated using Brockwell's (1963) tables, and 
expressed as numbers per gram of air dried material. The 
amount of rhizosphere material used, was discovered 
by filtering the samples and drying the collected material 
for 48 hours at 25 0C. Samples of the soil fraction were 
also similarly dried to discover the relationship between 
fresh weight and air-dried weight. 
iv) Estimation of Numbers of Antibiotic-Resistant Mutants 
in the Soil and Rhizosphere and in the Filter Paper 
Wick Assembly for Plant. Culture 
Samples (1 ml) of replicated 10 fold dilutions of 
soil and rhizosphere suspensions (obtained as above) 
were overplated with YM agar, containing; 50 mg 
cycloheximide, 10 ml of congo red (1/400, w/v, aqueous 
solution) per litre and the appropriate antibiotic. 
The plates were incubated for 5 days at 28 °C before the 
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colonies (on plates containing between 30-300) were counted. 
Selected colonies were picked and restreaked for authen-
tication. Counts of different strains from the filter 
paper wick assembly were made in a similar way except 
the tenfold dilutions were made from 0.1 ml samples taken 
from the nutrient solution at the base of the test-tubes. 
Counts were expressed as numbers g- 1  of air dried soil 
or rhizosphere material, or as estimated total numbers in 
the plant nutrient solution in each tube. 
v) 	Estimation of Successful Infections 
A successful infection by a certain strain of Rhizobium 
trifolii was defined as being the result of the host-
microsymbient interactions producing a nodule containing 
that strain. Thus in the case of dual occupancy of one 
nodule, two successful infections, one for each strain, 
would be recorded. Up to 20 nodules were selected 
randomly from each plant in controlled competition 
experiments (Chapter 4) , or from washed roots extracted 
from each soil core (Chapter 5). These were excised, 
surface sterilised and crushed onto YM agar plates. After 
incubation for 5 days at 28 °C each isolate was tested 
for its, high level antibiotic resistance. 
e) 	Authentication of Rhizobia 
Originally all isolates taken from the Cleish 
samples were restreaked after repeated single colony 
picking (Vincent, 1970). The uniform single colony 
isolates thus produced were authenticated as rhizobia, 
following plant infection tests using the simplified 
agar slope assembly before being fingerprinted . All 
nodule isolates from the Glensaugh samples (Chapter 
5). were also authenticated irrespective of their 
antibiotic resistances. Similarly, randomly selected 
colonies from the soil and rhizosphere overlays were 
also restreaked and inoculated onto test-plants grown 
aseptically. 
Early tests of symbiotic effectiveness were also 
subject to strain authentication to check for cross 
contamination. Random nodules from each plant were 
selected for isolation of the infecting strain and 
subsequent isolates were tested for their fingerprints 
compared to the standard cultures. 
5) 	Measurements of Symbiotic Effectiveness 
Indirect assessments of nitrogen fixation in the 
clover-Rhizobium symbiosis (acetylene reduction, percentage 
nitrogen content) were carried out on plants grown for 
80 days in Gibson tubes. . These measurements were 
compared with total plant dry matter production. Later 
assessments were performed on plants grown for 60 days 
in the filter paper wick assembly and shoot dry matter 
production (tissues oven dried at 80 °c for 24 hours) 
was compared with total nodule number, total nodule 
fresh weight and extrapolated mean nodule fresh weight. 
a) 	Acetylene Reduction (Turner and Gibson, 1980) 
Excised whole root systems were damp dried and 
transferred to dry glass vessels of known volume, which 
were made air tight with rubber Suba-seals . Acetylene 
EA Vi 
(which is reduced to ethylene by the nitrogenase enzyme 
systems in the nodules) was. injected so as to form 10% 
of the internal volume. The roots were then incubated 
for one hour. at 20 0C. Gas samples (0.4 ml) were 
extracted and injected into a G.C.D. Chromatograph (Pye 
Unicam) . The amount of acetylene reduced per hour by 
each root system was calculated from the chart print-
outs, calibrated for ethylene measurements (from C 
2 H  4 
in air standards) . The mean background ethylene 
levels (obtained from incubated,. uninoculated root system) 
were subtracted from these values as a correction factor. 
b) 	Percentage Plant Nitrogen Content (Allen, Grimshaw, 
Parkinson and Quarmby, 1974) 
Oven dried plants were digested, using the standard 
kjeldahl apparatus, by a sulphuric acid-hydrogen peroxide 
digestion mixture. The digestion process was allowed 
to continue for 30 minutes after the ref luxing digest 
had fully cleared. When cool the nitrogen content was 
measured chromatographically using the Indo-Phenol Blue P 
method (Allen et al, 1974) and a continuous flow 
colorimeter (Chemlab) . The results were expressed as 
a percentage of the total plant dry weight. 
6) 	Soil Analyses 
a) 	pH Measurements 
Allen et al (1974) suggest that pH readings on 
fresh soil samples should be carried out by making a 
slurry of the soil with distilled water. To standardise 
this method for all measurements used in this thesis a 
4:1 volume of deionised water to volume of soil, was 
decided ondue to the high organic content of most samples. 
Readings were taken, after stirring for 1 minute and 
leaving to stand for 30 seconds, using an Orion pH 
electrode attached to an Orion 701A digital ionalyser 
set for pH measurements. 
Extractable Ammonium 
A 4 g sample of fresh soil from each core was 
shaken with 40 ml of 2 M KC1 for one hour. The samples 
were frozen until required. Freezing of the samples 
has also been found to aid precipitation of colloidal 
material from Glensaugh soils (Rangeley, Pers. Comm.) 
Prior to analysis the fully thawed samples were filtered 
with Whatman No. 42 papers and 20 ml of the filtrate 
was measured out. To each 20 ml sample, 2 ml of 0.25 M 
NaOH was added and stirred for 1 minute with a magnetic 	7 
stirrer (Vortex should not be formed) . The electrode 
potential (my reading) was measured using an Orion model 
95-10 ammonia-electrode attached to an Orion 701A digital 
ionalyser. These values were compared with a calibration 
curve plotted from NH 4CI in 2 M KC1 standards. 
Extractable Aluminium, Phosphorus and Potassium 
These elements were extracted by shaking 4 g air-
dried soil samples with 40 ml Morgans extractant(ammonium 
acetate,pH 4.5; Morgan, 1937). The samples were then 
filtered using Whatman No. 42 papers and separated into 
3 roughly equal aliquots. Aluminium and phosphorus were 
measured colorimetrically using a continuous flow 
colorimeter while the extractable potassium was measured 
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directly by flame emission spectrophotometry. Alizarin 
Red reagents were used in the aluminium analysis 
(Lancaster and Balasubramaniam, 1974) whereas 4 N 
sulphuric acid, ammonium molybdate and stannous chloride 
formed the reagents for the phosphorus analysis (Morgan, 
1937). 
7) 	Statistical Methods and Computation 
For ease of analysis all experiments requiring an 
analysis of variance to be performed on the results, 
were set up as a randomised block design, blocked across 
any identifiable gradient, such as general site appearance 
and soil depth (Chapter 5), or growth room light 
intensities (Chapters 3 and 4). 
Comparisons of treatment means, subsequent to analysis 
of variance, were carried out using a modified version 
of Tukey's LSD (Least Significant Difference; p < 0.05) 
as described by Snedecor (1956). Significance of treatment 
effects and regression coefficients were found by 
comparison with F-tables and t-tables (Fisher and Yates, 
1963) . Significance of correlation coefficients were 
found by comparison with r-tables (Campbell, 1974). All 
computation was performed using the Genstat Statistical 
Package, release 4.03 (copywrite Lawes Agricultural Trust - 
Rothamsted Experimental Station, 1980) which is fully 
described in an available manual and summarised (for 
release 4.04) by Alvey, Galwey and Lane (1982). 
CHAPTER 3 
Isolation and. Classification of Strains of 
Rhizobium trifolii 
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1) 	Isolation of strains indigenous to Scottish hill 
soils 
Site selection 
Due to the general lack of response in the HFRO 
co-ordinated inoculation trials (Newbould et al, 1982), 
and the possibility that competition with indigenous 
strains was partly responsible, it was decided to isolate 
naturally occurring R. trifolii from a variable bill site. 
The site chosen for the original sampling was an area in 
the Cleish hills, Fife, Scotland. This place had the 
advantage of being extremely variable in both soil type 
and vegetation over a relatively small area. Also HFRO 
had previously carried out soil analyses from nearby plots. 
Thus it was already known that the mean aluminium levels 
were high (45 mg/100 g soil) and that the mean phosphorus 
levels were correspondingly low (0.1 mg/100 g soil) 
(Rangeley pers. comm.). 
In October 1980 random soil cores were collected 
from five different positions, at three of which, white 
clover occurred. The soils at these positions ranged in 
acidity from 4.08 (gleyed peaty podzol) to 5.61 (Brown 
Earth). 
Isolate. grouping 
Rhizobia were isolated, directly from the indigenous 
clover nodules, or indirectly via nodulation of white 
clover cultivar NZGH grown in the simplified agar slope 
assembly. This apparatus contained Thornton's seedling 
agar and soil suspensions were made with j strength 
Dart and Pate's solution. Twenty test plants per *t 
Table 1: Antibiotics used for obtaining R. trifolii fingerprints 
Antibiotic Classification Mode of action (Singleton and Concentrations in 
Sainsbury 	(1978)) YM agar (mg 11) 
Kanamycin 	) ) 11, 5 
Neomycin 	) Aminoglycosides 	) Inhibits protein synthesis by binding 5, 7.5 
) ) 
irreversibly with the 30s sub unit of 
70s ribosomes 
Streptomycin 	) ) 3, 
Erythromycin Macrolide Inhibits protein synthesis by binding 3, 5 
to 50 	sub unit of 70 	ribosomes 1' 
Nalidixic Synthetic Inhibits replication of bacterial DNA 4Q, 60 
Acid Mechanism unknown 
Polymixin B Polypeptide Binds strongly to cell membrane and 30, 110 
increases permeability to small 
molecules 
Vancomycin Glycopeptide Stops cell wall production by inhibit- 3, Li 
ing peptidoglycan synthesis 
*Rjfampjcjn Semi synthetic Binds to beta sub unit of RNA poly- 3, 5 
'2 merase and prevents initiation of 
transcription 
*Spectinomycin Glycoside As aminoglycosides but binding is 2, 14 
reversible 
* Rifampicin and spectinomycin were not used in the original grouping of Cleish isolates. 
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type were used and after 40 days growth the top 3 
nodules from each plant excised for Rhizobium isolation. 
This system produced a total of 252 successful isolates 
(51 from indigenous clover, 201 from soil suspensions) 
which were reinoculated into further test plants for 
authentication, after single colony picking (Vincent, 
1970) 
After authentication, each isolate was tested for 
its intrinsic low level antibiotic resistances (finger-
print ; Josey et al, 1979). Each of seven antibiotics 
was added to YM agar so that the final concentrations 
were as given in Table 1. These levels were chosen 
because they had previously produced stable reproduceable 
fingerprints of cultures of the Edinburgh inoculum strains 
P3 and FA6. 
Growth of each isolate on these antibiotic plates 
(P3 and FA6. also spotted onto each plate as standards) 
were recorded on a numerical scale 0-2, described in chapter 
2. 
The data that were collected were analysed using 
single-linkage cluster analysis, and the hierarchical 
clusters at 95% similarity used for strain determination. 
At this level .41 fingerprint groupings were obtained, 
with 62 isolates remaining unmatched (Appendix 1). 
These results clearly demonstrate the advantages of 
this method, over any other developed up to 1980, in the 
recognition of rhizobial diversity. Table 2 shows that 
this diversity may be related to soil acidity as a greater 
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number of different fingerprints were found in soils with 
higher mean pH. However the number of successful 
isolations from the two sites where clover was absent, 
were far fewer, than from the other soils. This was 
mainly due to the fact that a number of test plants 
remained unnodulated when treated with these soil 
suspensions, indicating that far fewer rhizobia were 
present. 
Table 2. Number of fingerprint patterns produced by 
R. trifolii isolates from each of the Cleish 
soil samples 
Occurrence No. of 
Sample Soil type 	Mean of indigenous finger- 
area pH white clover print 
patterns 
A Gleyed Peaty Podzol 	4.08 Absent 9 
B Dry Peaty Podzol 	4.79 Absent 12 
C 	Brown Earth 5.61 Present 39 
D 	Brown Earth 5.35 Present 31 
E 	Dry Peaty Podzol 5.40 Present 37 
For further experimental work only representative 
cultures from the largest fingerprint groups were selected. 
This was done on the premise that these cultures were 
representative of strains that were, either relatively 
numerous in the Cleish soils and thus adapted to a 
wide range of edaphic conditions, or that they were 
relatively competitive in nodulating the commercial white 
clover cultivar (NZGH) that was used as the test variety. 
The isolates which formed the twelve major groups were 
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reinoculated onto more test plants and reisolated after 
40 days to test the stability of their fingerprints. 
A small proportion of the reisolates deviated from their 
expected patterns but the majority remained stable. 
Representative cultures of each stable group were then 
selected and designated with a strain coding based on the 
original fingerprint cypher. The occurrence of each of 
these 12 strains, based on their original single linkage 
clusters (Appendix 1), in each of the sampling site 
fractions, is presented in Table 3. 
Table 3: Occurrence of isolates, classified as belonging 
to the major designated strains, in the 
different sampling areas. 
Site Strains isolated from naturally occurring nodules 
Strains isolated 
from soil suspensions 
A - CL03, CL21, CL24, CL25 
CL27 
B - CL03, CL27, CL33, CL35 
C CL03 CL21, CL24, CL27, CL35, 
CL56 
D CL10, CL12 CL03, CL21, CL25, CL27, 
CL33, CL35, CL56, CL66 
E CL03, 	CL10, 	CL12, CL21 CL03, CL10, CL25, CL56, 
CL66, CL96 
Of these designated strains only one was unique to 
the indigenous white clover and not isolated from the soil 
dilutions by the cultivar NZGH. This was strain CL12 which 
was only present in.clover nodules extracted from siteE2D 
soil cores. Similarly strain CL10 was mainly found in the 
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indigenous nodules rather than the soil fractions and 
in fact only one isolate of this strain was obtained 
from the test plants. Thus there is some evidence of 
different host preferences for strains exerted by 
NZGH and the wild white clover, as found by Masterson 
(1973) 
2) 	Comparison of strain similarities 
Comparison of strain similarities were carried out 
by qualitative and quantitative investigations on some 
bacteriological and symbiotic properties of the 12 strains 
isolated from the Cleish hills. These were compared with 
four "standard" strains, three of which were known to form 
an effective symbiotic relationship with white clover, and 
one ineffective strain. Two of the effective strains 
(P3 and FA6) were originally isolated from Scottish soils; 
P3 had been isolated from an improved peat, whereas FA6 
had .been isolated from an improved brown earth. Both 
had been used to produce spontaneous antibiotic-resistant 
mutants for the HFRO co-ordinated trials (Newbould et al, 
1982). The ineffective strain, G2 (RCR10) had also originally 
been isolated from the Kilpatrick Hills, Dunbartonshire, 
Scotland, but TA1 (RCR221), unlike all the other strains 
used in this thesis, was not a Scottish strain, but had 
been isolated from Trifolium subterraneum nodules, at 
Bridport, Tasmania. 
a) Qualitative comparisons of strains 
Qualitative estimates of inter-strain relatedness 
were produced by using an improved fingerprint scoring 
method, and by gel-immune diffusion tests. 
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i) Improved fingerprints 
The growth responses of the 16 strains of R. trifolii 
to the same concentrations of the antibiotics used in 
the isolation of Cleish strains, together with 
spectinomycin (spectram soluble, Ceva) and rifampicin 
(concentrations given in Table 1) were monitored. These 
were scored on an extended scale, 0-4 (chapter 2, 
section 4Ci) where 0 = No growth and 4 = Growth comparable 
with control plates (no antibiotics). Although the scoring 
sensitivity had increased, it was still subjective, and 
so some deviations from the expected responses occurred. 
However all strains tended to vary in the same way at the 
same time, indicating that concentrations of some anti-
biotics fluctuated slightly between batches of agar. 
To obtain a reliable indication of strain relatedness, 
a number of tests were carried out over a period of 
6 months (always using 5 day-old cultures). The mode 
fingerprints (intrinsic antibiotic resistance patterns) 
thus produced (Table 4) were taken for analysis. 
From these data a similarty matrix was constructed 
showing the full interstrain fingerprint relatedness 
(Appendix 2) and was summarised'by two methods of cluster 
analysis. Single linkage clustering produced a "Minimum 
Spanning Tree" where every strain was linked to its 
nearest neighbour (Figure 2). However this analysis failed 
to produce true hierarchical groups and instead all 
strains were linked to a common central point (CL24). 
Furthest-neighbour clustering was therefore used to produce 
Table 4: Mode fingerprints of 16 strains of R. trifolil to various concentrations of nine Antibiotics. 
0 = No growth, I = Very weak growth, 2 = Weak growth, less than 2/5 of control colony size, 
3 = Weak growth, > 2/5 control, 4 = Growth comparable with controls (No Antibiotic). 
ANTIBIOTIC CONCENTRATION (mg 1 ' YM) AGAR 
STRAIN 	EryKan 	Nal 	Neo 	P01 	Ri-F 	Spec. 	Str 	Van 
315 	415 40160 5i7.5 30140 315 214 315 314 
CL03 4 2 3 0 4 4 0 0 .4 4 2 0 3 2 4 0 0 0 
OLIO 3 0 3 1 4 4 0 0 4 0 1 0 3 2 4 0 1 0 
0L12 4 1 4 2 4 4 2 0 4 3 2 0 2 1 4 1 1 0 
CL2I 0 0 0 0 3 0 0 0 4 4 3 2 2 1 0 0 3 0 
CL24 0 0 0 0 4 4 0 0 4 0 0 0 2 1 0 0 0 0 
CL25 0 0 0 0 4 4 0 0 0 0 2 0 0 0 4 3 0 0 
CL27 0 0 0 0 4 4 0 0 4 0 0 0 2 1 4 1 2 0 
CL33 0 0 4 2 4 4 0 0 4 4 3 1 3 2 0 0 0 0 
CL35 0 0 4 0 4 4 0 0 0 0 0 0 2 1 0 0 1 0 
CL56 0 0 4 4 4 4 4 2 0 0 3 2 3 1 4 3 0 0 
CL66 0 0 0 0 4 4 0 0 4 0 1 0 2 1 0 0 2 0 
CL96 0 0 0 0 0 0 0 0 4 0 0 0 1 0 0 0 1 0 
P3 3 2 4 4 2 0 4 2 0 0 2 0 2 1 2 1 3 1 
FA6 3 2 4 3 2 2 3 1 0 0 0 0 3 2 0 0 2 1 
G2 0 0 2 0 4 4 2 0 4 0 3 2 3 2 3 2 3 2 
TAI 0 0 3 0 4 3 0 0 0 0 3 2 0 0 1 0 1 0 
Antibiotics Used: Ery = Erythromycin, Kan = Kanamycin, Nal = Nalidixic acid, Neo = Neomycin, P01 = 




Fig. 2. Minirrn.]in spanning tree linking each strain of R. trifolii to 
it's nearest neighbour by the % similarity ( ) of their mode 
Fingerprint patterns to various concentrations of nine 
antibiotics in YM agar. 
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CL35. 	FA6 	P3 
(83.3) 	(38.9) 	(44.4) 
(72.2) 
related groups based on their common dissimilarity to 
other strains. At the 42.5% similarity level this produced 
7 distinct groups of strains related by their fingerprints 
(Table 5). This level was selected because at higher 
values, 5 or more strains remained ungrouped and at lower 
levels the clusters began to overlap. 
Table 5: Strains of Rhizobium trifolii grouped according 
to their fingerprint similarities (at 42.5% 
level) following Furthest neighbour cluster 
analysis. 
Group 	 Related strains 
1 	 CLO3, CL1O 
2 	 CL12 
3 	 CL56, G2 
4 	 CL21, CL 33 
5 	 CL24, CL27, CL35, CL66, CL96 
6 	 CL25, TA1 
7 	 P3,F A6 
These analyses (Figure 2, Table 5), taken together 
show that the low level antibiotic resistance patterns 
for each of the 16 strains are generally quite different. 
The major similarities that do occur (greater than 70% 
similar) lie between CL24 and the other strains of group 
5. 
ii) Gel immune diffusion assays 
As a further means of testing the validity of such 
grouping procedures, as above, it was decided to perform 
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a series of simple serological tests on these strains. 
CL96 was the prime choice of strain from which to produce 
antisera, as it was the most dissimilar strain to CL24 
in group 5 (Figure 2). As a further test CL66 was also 
used to produce antisera because it was the only group 5 
strain isolated from the same soil samples as CL96. 
The antisera to both strains w&kind1y produced by 
Mr C. Burrells and Mr W. Donahue, of the Animal Diseases 
Research Association (Moredun Institute) , Gilmerton, 
Edinburgh. These were tested against all strains, in a 
standard hexagonal arrangement of well positions (Vincent, 
1970; Schwinghamer and Dudman, 1980) and viewed with 
dark ground illumination. The following "Precipitin" 
band appearances were observed and are represented in 
Figure 3. 
Using .Anti-CL66 sera:- 
Serogroup 0 	- 	No cross reaction 
Serogroup 1 	- 	Precipitin bands formed but 
little relation with CL66 
standards 
Serogroup 2 	- 	Reaction of CL66 standards 
Using Anti-CL96 sera:- 
Serogroup 0 	- 	No cross reaction 
Serogroup 1-5 - 	Cross reactions with different 
precipitin bands 
Serogroup 6 	- 	Identity with CL96 standards 
The reactions of each strain are summarised as 
serogroupings in Table 6. 
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Fig. 3a: Representative diagram of gel-immune reactions between all 
sixteen strains of Rhizobium trifolii and Anti-CL66 serum 
(x) placed in central well positions. 
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Fig. 3b: Representative diagram of gel-immune reactions between all 
sixteen strains of Rhizobiumtrifoiii and Anti-CLYB serum 
(y) placed in central well positions. 


















Table 6: Serogroup designations for each strain as 
obtained from precipitin reactions with 
anti-CL66 and anti-CL96 sera during gel-












1 	 TA1 
0 
	
2 	 CL25 
a 3 	 CL56 
0 
	
4 	 FA6 
0 
	
5 	 p3 
0 
	
6 	 CL24, CL27, CL35, CL96 
2 
	 o CL66 
This grouping structure only allows the antigenic 
nature of each strain to be compared with the two 
standards from which the antisera were obtained. Even 
though over 50% of strains are cross reactive or identical 
to CL96, no information is provided about any possible 
differences between the six strains showing an absence of 
reaction to both standards. 
b) Quantitative comparisons of strains 
Qualitative data, such as that obtained by finger-
printing or serogrouping, provides little or no information 
regarding the cultural characteristics and symbiotic 
properties of each strain. Thus quantitative comparisons 
of strains were also required before fthther selection for 
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competition and field experiments could be carried out. 
This need was satisfied by monitoring growth rates in 
culture as well as the effects of single strain inoculants 
on test-tube cultured plants. 
i) Growth rates 
Growth rates of each strain were measured using 
turbidity readings of replicate 200 ml YM broth cultures, 
maintained at 30 °C in an orbital incubator and rotating 
atYOO revolutions/minute. Turbidity was calibrated 
to total cell counts by comparison of haemocytometer 
measurements and the extrapolated cell concentrations 
plotted against time on a semi-log graph. The readings 
during periods of exponential growth and the mean 
generation times were calculated from the regressions of 
each strain. 
Thus from the linear regression line Y = a + bx, 
(where Y = loge (cell concentration) , x = time, a = 
intercept, b = slope) the generation time T = Log2 
The ranked mean generation times (from ten replicates) 
of each strain are presented in Figure 4, together with 
their 95% confidence limits. Due to the large variability 
between replicates, possibly reflecting differences in 
limiting nutrients in batches of YM broth, the majority 
of strains are not significantly different from each other 
(range CL12, T = 3.45 hr to CL35, T = 4.99 hr). However 
CL25 (mean T = 2.77 hr) can be regarded as a faster grower 
than all the others, whereas CL21 (mean T = 7.9 hr) and 






















Fig. 4: Histogram showing mean generation times with 95% confidence 
limits for 16 strains of Rhizobium trifolii grownat 30°C 
in YM broth. 
Generation time in hours 
- 
LII 	0) 	•-4 	0) 	CO 	C) 	- 
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slower growing, although large errors were associated 
with these latter two means. The full list of mean 
generation times (T) in ranked order is given in 
Appendix 3. 
ii),. Symbioses data 
In all tests of symbiotic effectiveness nodules were 
selected at random for re-isolation of the infecting 
strains. The isolates thus produced were tested for their 
resistances to low levels of key antibiotics (abbreviated 
fingerprints) as a test of the reliability of the 
bacteriological controls. In an initial trial involving 
single strain inoculated plants grown in Gibson tubes, 
this random isolation showed that there was a strong 
possibility that some degree of cross contamination had 
occurred although uninoculated controls remained unnodulated. 
An unacceptable level of variation also occurred in 
measurements within treatments and so the data from this 
experiment could not be used to measure the symbiotic 
effectiveness of the rhizobial strains. Nevertheless 
measurements of nitrogen fixation,, via acetylene reduction 
techniques and plant nitrogen content, were made to test 
relationships between these accepted measures of nitrogen 
fixation, and dry weight production of the plants. Taking 
all plants into consideration, irrespective of their infecting 
strain of Rhizobium, the following correlation coefficients 
were obtained: 
Dry weight x C 2 H 2  reduction 	r = 0.95, p < 0.001 
Dry weight x % nitrogej_intissues r = 0. 81, p <0.001 
As both of these correlations were highly significant 
it was decided that mean plant dry matter production 
would be an adequate measure of the effectiveness of each 
inoculant strain in later studies. 
In a more controlled experiment 24 plants per treatment 
(inoculation with one of 16 strains of R. trifolii, plus 
uninoculated controls), were grown for 60 days in the 
filter paper wick assembly. These were arranged in a 
growth chamber in a randomised block design; 4 blocks with 
6 replicates in each. Sixty days after inoculation the 
plants were removed from the growth chamber, the shoot 
tissues dried and the nodules excised from the roots. The 
total fresh weight of nodule material per plant, together 
with the total number of nodules per plant, were obtained 
and the mean single nodule mass for each plant extrapolated 
for each strain treatment. Random nodules were then surface 
sterilised and crushed onto YM plates. The isolates obtained 
were restreaked and tested for their abbreviated fingerprints 
after 5 days incubation. No evidence of cross contamination 
was observed. The mean shoot dry weight production for 
each treatment (Log transformed data) is represented in Fig. 5 
whereas the significant nodulation data is presented in 
Table 7. The full mean dry weight data and means for nodule 
numbers per plant, together with the log transformation 
are presented in Appendix 4, and photographs of representative 
plants inoculated with each strain are presented in Fig. 6. 
Dry weight measurements of the unknown Cleish strains 









































Fig. 5: Histogram showing the relative effectiveness of 16 strains of 
R. tri-Folii in terms of mean dry weight production of host 
plants compared to unin6culated control plants. Effective 
strains were defined as those strains, inoculation with which 
produced significantly larger clover plants than the control. 
Plants were grown for 60 days in the filter paper wick 
assembly. 
Log (Mean dry weight insgr 
- 	 NJ 	 C) 	 . 	 Ui 
( U 
Fig. 6: Photographs not to scale) depicting the representative 
plant responses to infection with single strains of 
R. trifolii 
N.B. The Rothamsted strains RCR10 and RCR22I are refered to 
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Fig. 6: continued. 
N.B. RCRIO = G2, RCR22I = TAI 
73 
of inoculation with the standard ineffective strain (G2) 
and with the standard effective strains (P3, FA6, TA1). 
An effective strain was defined as being any strain 
which enabled its host to produce significantly greater 
shoot dry matter than uninoculated controls or hosts 
infected by the standard ineffective strain (G2). The 
converse was true for ineffective strains. This however 
still imposes artificial boundaries on a range of plant 
growth responses. Indeed in one case an ineffective 
strain by the above definition (CL10) is also insignificantly 
different from the standard effective strain P3. 
Similarly with strain CL12, although classified as 
effective by the above criteria, the mean shoot dry weight 
of plants infected with it are more closely akin to those 
infected by CL10 than by P3. This variation, however, 
is not altogether surprising as both of these strains 
were common in the indigenous clover nodules (Cleish 
sites D and E) but apart from one isolate of CL10 they were 
not obtained from the test plant nodules (cultivar 
NZGH). The variability in effectiveness of these two 
strains may therefore support the findings of Masterson 
(1973). In this case Masterson (1973) found that 
Rhizobium isolates from indigenous clover in an old 
pasture were mostly effective on that clover but were 
significantly less effective in symbiosis with the 
commercial cultivar S100. Hence, in this present 
situation, CL12 should be classified as inefficient 
effective (Caldwell and Vest, 1977) with NZGH, as many 
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of the plants thus nodulated were small and chiorotic. 
Table 7: Total nodule production and average 
nodule size on plants inoculated with 16 
strains of R. trifolii and grown for 60 
days in the filter paper wick assembly 
Strain 	Effectiveness 	Mean 	Log Average Log 
due to dry 	total (Nodule nodule (average 
weight data nodule 	mass) fresh nodule 
mass weight fresh 
(mg/ (mg) weight) 
plant) 
CL03 3.61 0.68 0.34 -1.62 
CL10 3.85 0.88 0.36 -1.12 
CL24 1.92 0.22 0.11 -2.08 
CL25 1.90 -0.04 0.33 -1.87 
CL27 Ineffective 	1.15 -0.41 0.57 -1.78 
CL33 4.54 1.03 0.35 -1.50 
CL35 4.47 0.90 0.26 -1.77 
CL66 0.36 -0.14 0.03 -3.52 
CL96 0.95 -0.79 0.13 -2.70 
G2 1.41 0.21 0.16 -2.31 
CL12 5.04 1.20 0.69 -0.99 
C121 10.17 1.94 1.55 -0.15 
CL56 Effective 	10.02 2.02 2.14 0.43 
P3 10.99 2.12 1.13 -0.02 
FA6 14.09 2.56 1.01 -0.10 
TA1 5.52 1.25 0.36 -1.22 
LSD 
(p =<0.05) 1.45 1.12 
When the nodulation data were considered together 
with dry weight figures thel following: côrrèlations were 
produced (Degrees of Freedom = 150) 
shoot dry weight x total nodule mass r = 0.85 p<O.001 
shoot dry weight x average nodule weight r = 0.46 
p<O.00l 
soot dry weight x nodule number r = 0.30 p<O.Ol 
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The major tendency observed was that effective 
strains tended to produce larger nodules than ineffective 
strains which in most cases led to a significantly greater 
total mass of nodule tissue per root system, the exception 
to this being TA1 which produced smaller nodules. From 
the above correlations it appears that dry weight production 
and hence nitrogen fixation is mainly reliant on the total 
nodule tissue rather than the size or number of nodules. 
This agrees with the results of Masterson and Murphy (1976) 
who concluded, from their field acetylene reduction trials, 
that nodule quantity measured as total nodule dry weight 
was the greatest determinant of nitrogen fixing activity. 
The host may also be able to produce a compensatory effect 
by allowing more nodules per unit root length to be formed 
if inadequate nitrogen fixation is occurring. This 
is supported by the fact that, although dry weight of the 
shoots was positively correlated with nodule number the 
overall differences between mean numbers per strain were 
generally insignificant. This also implies that 
variability within each strain treatment was largely 
responsible for this positive correlation. 
Discussion - Overall similarities 
The two qualitative assessments of strain relatedness, 
group strains together in roughly the same manner. 
Differences between the two methods appear to be mainly 
due to the arbitrary level of similarity that was assigned 
to the fingerprint data and the fact that strains that did 
not cross react with either the CL66 or the CL96 anti-sera 
could not be separated without production of new antibodies.. 
VU 
Grouping similarities between fingerprints and 
serogroups seem to be, on the whole, related to the 
various strain reactions to rifampicin, spectinomycin 
and streptomycin, and to the anti-CL96 sera. One posible 
explanation for this is the probability that low level 
resistance to these antibiotics is related to the 
permeability of the cell envelope (Singleton and Sainsbury, 
1978) , and so cross reactions with the strain specific 
antigens may reflect subtle differences in the structure 
of the cell walls. Reactions with the other antibiotics, 
particularly erythromycin, kanamycin, neomycin and 
vancomycin, appear to provide the extra sensitivity, of 
the fingerprint test, which maintains each strain's separate 
identity. 
When comparing the above grouping criteria with the 
qualitative data on each strain, there appears to be no 
relationship whatsoever between growth rates and the 
qualitative assessments of strain similarities. Generation 
times in broth culture also seem to be unrelated to the 
symbiotic properties of each strain, and there is lack of 
a close resemblance, overall, between the monitored 
qualitative and symbiotic properties. Although all 
strains in fingerprint group 5 (and therefore anti-CL96 
serogroup 6) are classified as ineffective, they encompass 
most of the range for nodule and shoot production by 
ineffective strains and are not closely related quantitatively. 
On the other hand, the two Edinburgh strains (P3 and FA6) 
are the only effective strains that are grouped together 
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by fingerprinting and even so they are only 44.4% similar 
(Fig. 2) using this test. 
To give a complete overall assessment as to how similar 
or dissimilar each strain was to the others, all the 
previously produced data was used to produce a new similarity 
matrix, i.e. the fingerprint groups (listed 1-7) and the 
two sets of serogroups were matched along with the mean 
generation time, mean shoot dry weight production, mean 
total nodule mass data and average nodule fresh weight, 
for each strain. The new similarity matrix thus produced 
is presented as Appendix 5. This was further analysed 
using furthest neighbour cluster analysis to produce the 
final summary (Fig. 7) of overall strain relationships. 
This summary is presented in the form of a "Dendrogram" which 
shows the computed overall similarity level which links 
the hierarchical clusters of strains together. Thus the 
lines of linkage give a measure of how closely related 
certain strains are to each other. 
From this it can be seen that fingerprint group 1 
(CL03, CL10) and anti-CL96 serogroup6' (CL24, CL27, CL35 
and CL96) still maintain their close integrities, although 
in the latter case, CL35 has diverged noticeably. Also 
the two Edinburgh effective strains (P3, FA6) remain more 
closely related to each other than to any other strain. 
Finally it is interesting to note that the most distinct 
strain overall (i.e. the most dissimilar to all the others) 
is the only strain that was not isolated from either the 
host species Trifolium repens, or from a Scottish locality; 
namely the Tasmanian effective strain TA1. 
Fig. 7: Summary dendrogram from . -Furthest neighbour cluster analysis 
of final similarity matrix based onboth qualitative 
groupings and quantitative performances. of all 16 strains of 
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Competition between strains of R. trifolii for 
the nodulation of white clover (cv NZGH) under 
bacteriologically controlled conditions 
1) 	Introduction 
In the past many reports on competition between 
rhizobia have followed the example of Vincent and 
Waters (1953) and merely listed strains in order of their 
ability to form relative quantities of nodules on 
different hosts. A few reports have extended this to 
form a competitive index with which to compare different 
strains (Amarger, 1974; Amarger and Lobreau, 1982; 
Labandera and Vincent, 1975; Lagacherie et al, 1977; 
Marques-Pinto et al, 1974). Unfortunately 	few attempts > 
have been made to relate these indices to interactions 
between rhizobia prior to infection of the host legume, 
and this is necessary in order to gain an understanding 
of the mechanisms of competition. Some workers merely 
assumed that equal representation of strains around a root, 
would result in equal representation in the nodules 
(Brockwell, 1980). Some reports have attempted to explain 
differences in nodulation success between rhizobial 
cultures as being the result of the host actively selecting 
the most effective strains from the available population 
(Robinson, 1969a, b; Masterson, 1973; Masterson and 
Sherwood, 1974). The host undoubtedly plays a part in 
allowing some strains of rhizobia to form more nodules 
than others (Caldwell and Vest, 1977) but the recognition 
and binding processes leading to infection of root hairs 
is a series of complicated interactions involving 
contributions by both the host and compatible rhizobial 
genotypes (Dazzo, 1980; Dazzo and Hubbell, 1975a; 
Schwinghamer, 1977). 
This chapter deals with various ways of measuring 
the competitiveness for nodulation of four strains of 
R. trifolii and the effects of some experimental variables, 
which were thought likely to alter them. Thus it was aimed 
to show whether the relative nodulating abilities of 
various strains, in association with a single white clover 
cultivar (NZGH), were intrinsic to those bacteria or 
merely an artefact produced by environmental, cultural or 
host effects. To place this work in an agricultural context 
the effects of such a competitive interaction on the 
development of the host was also monitored on two occasions. 
This was to investigate the possibility that enhancing 
the competitiveness of an ineffective strain would reduce 
dry matter production by the host. 
2) 	Choice of strains 
Based on data presented in chapter 3, three distinctly 
different Cleish parental strains were chosen and 
spontaneous antibiotic resistant mutants selected from 
them. These mutants were to be compared for their 
competitiveness in nodule formation under controlled and 
field (chapter 5) experiments, together with an antibiotic 
resistant mutant of a standard effective strain. The 
mutants were isolated by stepwise single colony restreaking 
on YM agar supplemented with progressively greater 
concentrations of single antibiotics: 
CL03-E was resistant to 30 mg erythromycin 	(YM agar) 
CL25-S was resistant to 100 mg streptomycin 1 	(YM agar) 
CL56-K was resistant to 50 mg kanamycin i 	(YM agar), and 
to 100 mg streptomycin 1- 1.  The mutant HP3, from the 
parent strain P3 was supplied by Professor A.J. Holding, 
(Queens University, Belfast) as being resistant to 
50 mg rifampicin 1- 1.  It was also found to be resistant 
to 50 mg kanamycin 1 1  and 50 mg streptomycin 11 but 
not to 100 mg streptomycin 1- 1. The limit of this 
strain's resistance to erythromy.cin was about 15 mg i 
(YM agar). 
The reasons for choosing these particular strains 
were as follows. Both CL25 and CL03 were ineffective 
whereas CL56 was the most effective of the Cleish isolates. 
Of the two ineffective strains CL25 was significantly 
faster growing in YM broth, than nearly all of the other 
strains, whereas isolates forming the original CL03 finger-
print group, had been found at every sampling site in the 
Cleish hills. This latter strain was therefore possibly 
adapted to a wide range of environmental conditions. The 
reasons for using HP3 rather than any of the available 
mutants used in the inoculation field trials (Newbould 
et al, 1982) was that the site chosen for the Glensaugh 
field experiment (Chapter 5) was adjacent to other 
H.F.R.O. experimental plots in which both of these other 
strains '3/4, FA6/4) were inoculated. Both of these 
latter mutants are resistant to spectinomycin whereas HP3 
is sensitive. Contamination of the field sites (Chapter 5) 
could thus be checked whilst still comparing the presence 
of the Cleish strains with a mutant produced from one of the 
Edinburgh effective parent strains. For comparability 
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between laboratory and field data it was necessary to use 
the same strains for each set of experiments. 
Before use in paired competition studies, the above 
mutants were tested for their symbiotic effectiveness with 
the white clover cultivar NZGH using the filter paper 
wick assembly . This test was necessary as a number of 
reports indicate that mutation to antibiotic resistance 
can alter the symbiotic properties of the rhizobia 
(Antoun, Bordeleau and Prevost, 1982; Pankhurst, 1977; 
Schwinghamer, 1964; Schwinghamer and Dudinan, 1973). Shoot 
dry weight production of plants infected by each mutant 
or parent strain was therefore monitored after 60 days 
growth and a summary of the results is presented in Table 8. 
Table 8: Mean shoot dry matter production of white clover 
(cv NZGH) plants inoculated with one of 4 
antibiotic-resistant mutants or their parent 
strains, and grown under bacteriologically 
controlled conditions for 60 days. Log 
transformations (when necessary) in brackets 
Mean shoot dry weight (mg) LSD 
(P 4. 0.05) 
Parent Strain Mutant 
CL03 5.4 	(1.35) CL03-E 3.95 	(1.28) (0.33) 
CL25 6.28 CL25-S 5.57 2.54 
CL56 21.4 CL56-K 18.0 9.69 
P3 21.4 HP3 31.8 11.4 
None of the differences between the parents and 
their mutant strains were significant. 
Case c 
Fig. 8: Theoretical replacement series diagrams illustrating possible 
outcomes of competition between strains o -FR. -trifolii. 
Case a: Competitive exclusion of strain A 
Case b: Competitive exclusion of strain 	' 
Case c: Stable equilibrium 
Case d: Unstable equilibrium; outcome depends on input ratio 
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3) 	Measures of competition 
Amarger (1979) reported that when two effective 
strains were introduced simultaneously in the inoculum, 
the nodule number produced by each strain is related to 
the ratio of cells in the inoculum. Clearly then, in 
this case, competition for nodulation was an input-output 
problem, similar to that often studied by plant ecologists 
(Krebs, 1978), where the output (proportion of nodules 
produced by each strain) may be directly related to the 
input (proportion of strains in the inoculum). 
In an attempt to understand the inter-strain relationships 
involved in competition studies, it was decided to present 
the data as replacement series diagrams, similar to those 
used by De Wit (1960, 1961) to predict yield responses 
or density-dependent interactions from competing species of 
plants (see Fig. 8). A replacement series is a set of output 
ratios, resulting from a symmetrical set of input ratios, 
which if used as a replacement for the original input, the 
change in output can be represented by vector arrows. 
Such diagrams actually signify the eventual outcome of 
competition over a period of time, i.e. the eventual 
nodulation ratio if the rhizobial population were to be 
replenished by viable units released from the nodules. 
This is perhaps an over simplification of the ecology of 
the Rhizobium/legume symbiosis as no account is made for 
multiplication of bacteria in the rhizosphere or the 
volume of nodule tissue. However under totally enclosed 
conditions, such as those in experiments presented in this 
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chapter a fair prediction of the outcome of competition is 
nevertheless obtained, assuming the plants could be 
maintained under these conditions indefinitely. 
If there was no evidence of competition between 
strains of R. trifolii for nodulation, the fitted regression 
line (Y = a+bx) would not be significantly different from 
the equilibrium line (Y = x); 
where Y = Log10 (ratio of strains in nodules) 
and x-= Log 10 (ratio of strains in the inoculum) 
Thus from regression analysis of the experimental results, 
the intercept with Y (a) would be equivalent to zero (a = 0) 
and the gradient (b) would not. be significantly different 
from 1 (b = 1). 
Similarly if a 	0, but b = 1, the case of competitive 
exclusion of one strain by the other would prevail (Figs. 8a 
and 8b). This however is unlikely as not all the cells of 
an inoculum are incorporated into nodules, and those 
remaining on or around the root are able to survive or 
multiply. Unless one strain is aggressively antagonistic 
against its competitor it is more likely that one or the 
other case of competitive equilibrium-(Figs. Sc and 8d) 
would be the result of bacteriologically controlled 
experiments. Whether this equilibrium was stable or 
unstable would depend on the gradient of the regression 
line (b) i.e.: if b < 1 competition would reach a stable 
equilibrium, 	if b > 1 a case of unstable equilibrium 
or? 
would result with one or the other strain excluding the 
other depending on the input ratio. 
In either of the cases of competitive equilibrium, 
the equilibrium ratio (designated Er) produces a meaningful 
measure of the competition between paired strains in the 
inoculum. This is done by indicating the one input ratio 
that produces the same output ratio; thus showing whether 
one of the strains is intrinsically more competitive, and 
by how much it would eventually dominate the other. 
In this case, taking the standard linear regression 
model of: 	 Y=a+bx 
Er = Antilog10 I 
[(l_b) 
From such a regression of Log 10  input and output ratios 
other measures of competitiveness can also be extrapolated. 
Amarger and Lobreau's competitive index (designated 
Ci) 1 (Amarger and Lobreau, 1982) is that value representing 
the ratio of nodules produced. by an inoculum containing 	7 
equal proportions of two strains therefore: 
Ci = Antilog10 (a) 
This measure of competition for nodulatioV  is also 
very similar to that used by Marques-Pinto et al (1974) 
and Labandera and Vincent (1975) whereby the competitive 
index was the antilog of the intercept with the Y axis when 
the log of the ratio of paired strains in the nodules was 
plotted against the log of the ratio of cells on the root 
surface. 
An alternative measure of the intrinsic competitiveness 
of strains in an inoculum would be the proportions of each 
strain in the inoculum necessary to produce an equal chance 
1 This notation (Ci) is used for convenience in this thesis 
and is not the notation used in the cited paper 
of nodulation. This is a measure, in relative terms, of 
the "competitive advantage" (designated CA) exhibited by 
one strain over the other. Let strain a be the more 
competitive of the two strains (a and B) in a paired 
comparison. Let B represent the ratio of strain a: 
strain B needed to produce a 1:1 nodule ratio 
..Log10 R=x when Y=.0 
Log 10  R = -a/b 
The competitive advantage (CA) of a over B = 1/B 
CA ,= Antilog10 [-1 
As each of these measures of competition for nodulation 
is extrapolated from a single point on the regression line, 
the 95% confidence limits of their Log 10 equivalents can be 
calculated with a knowledge of the variance of both 
regression constants (a and b). 
In part 8 of this chapter the use of a further measure 
of relative competitiveness, based on the dry weight 
production of plants, doubly and singly inoculated, was 
investigated. This follows the assumption of Lagacherie 
et al (1977) that there is a linear relationship between 
the dry weight of a plant and the proportion of effective 
nodules on its root system. Thus their value of competition 
for infection (designated CI) can only be used to compare 
the performances of two or more effective strains in 
competition with the same ineffective strain. Hence: 
CI = 100 x Dry Wt. of plants doubly infected 
Dry Wt. of plants singly infected with effective strains 
4) 	The effect of inoculum ratio and nutrient solution 
pH on the nodulation success of paired inoculum strains 
a) Experimental 
In this experiment the plants were cultured in the 
filter paper wick assembly (Chapter 2, Section 2biii) but 
with the following modifications. 
Tube assemblies minus deionised water were autoclaved. 
Standardised nutrient solution (SNS) contained no 
CaCO 3 but the amount of CaC12 was increased to 0.8 g. 
SNS was adjusted to pH 5.0, 5.5, 6.0 and 6.5 after 
autoclaving. 
The pH-adjusted SNS was added to tubes before seeds 
were sown. 
V) 	The depth of pH-adjusted SNS was maintained at a level 
just above the bottom of the filter paper (approximately 
2.0 ml). 
vi) Daily additions of small amounts of pH-adjusted SNS 
were necessary to maintain this level. 
The above modifications were made to provide the closest 
possible control over the nutrient solution pH during the 
course of the experiment. Absolute control over pH in an 
enclosed system is impractical, if not impossible, due to the 
influence of bacterial and plant products, especially after 
nodulation has occurred (Wood, Cooper and Holding, 1983). 
The following paired-strain combinations were used 
as inoculants. 	(i.e. Strain A and Strain B): 
CL03-E + CL25-S 	 CL25-S + 11p3 
CL03-E + CL56-K 	 CL56-K + 11P3 
CL03-E + HP3 
The CL25-S + CL56-K combination was not used in any 
experiment because both strains were equally resistant 
to streptomycin and so dually-infected nodules could not 
be detected. Thus any results emanating from such a 
combination would underestimate the competitive performance 
of CL25-S. 
Axenically-germinated seedlings were inoculated with 
one of the above combinations at a rate of 10 cells per 
tube. Although this was the total concentration of 
rhizobia, the proportions of strains were varied. Representing 
these proportions as the ratio of strain A:strain B the 
nine ratios used were: 
20:1, 15:1, 10:1, 5:1, 1:1, 1:5, 1:10, 1:15, 1:20 
These were distributed factorially between pH 
treatments with six replicates per treatment combination. 
The. tubes were arranged in a randomised block design in a 
growth chamber (Day length 16 hrs at 20 0C), with two 
replicates in each of the three blocks. 
b) Results 
i) Effects due to pH 
The mean values of the output ratios for each treatment 
interaction, and for each strain combination are presented 
in Appendix 6. From analysis of variance tests on these 
results it was concluded that the variance due to differences 
in nutrient solution pH was insignificant. As the means 
for each pH treatment within each inoculum combination 
were statistically equivalent to each other, it could be 
stated that the pH of the nutrient solution did not alter 
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the relative nodule occupancies by each strain. Therefore 
to give an overall estimate of the total effects due to 
variation in strain input ratios, and to calculate the 
various measures of competitiveness, values across pH 
treatments were bulked for regression analysis. 	 - 
ii) Effects due to ratio of strains in the inoculum 
In all comparisons there was a significant effect on 
the output ratio, of relative nodule occupancy, produced 
by the input ratio of strains in the inoculum. These 
results are presented in Fig. 9 as replacement diagrams. 
In all of these cases the regression line gradient (b) 
is significantly less than 1 (b < 1), thus representing 
the stable equilibrium situation. Although competition for 
nodulation is occurring between all paired strain comparisons, 
in only two of these, CL03-E + CL25-S and CL25-S + HP3 is 
the intercept with the Y-axis significnatly different from 
o (a 	0). From the other three comparisons it can be 
stated that strains CL03-E, CL56-K and HP3 appear to 
compete equally for nodulation. 
In the two significant comparisons CL25.-S is the most 
competitive strain and the values for each measure of 
competitiveness are given in Table 10. 
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Fig. 9; 	Replacement diagrams to show the effect of varying the ratio 
of strains in the inoculum on the ratio of strains in the 
nodules of white clover plants grown under bacteriologically 
controlled conditions. Log10 competition indices (Ci) are 
presented together with their 95% confidence limits to show 
differences in competitive abilities of strains when added 
in equal numbers in the inoculum. 
CL03-E/CL25-S 
+1. 
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Table 10: Values of relative competitiveness, with the 
957o confidence limits of their Log 10 
equivalents, for each of the two comparisons 
involving strain CL25-S. 
Comparison Measure of Extrapolated Log10 equivalents 
Competition Value (+ 95% confidence 
limits) 
CL25-S/CL03-E Er 3.06 0.49 + 0.20 
CA 142.8 2.15 + 1.90 
Ci 2.49 0.39 + 0.14 
CL25-.S/HP3 Er 3.37 0.23 + 0.40 
CA 3.65 0.56 + 0.44 
• 	 • Ci 1.7 0.27 + 0.19 
(.10 
r 
From this table it can be seen, that in both 
comparisons equilibrium would be reached when CL25-S 
occupied 3 to 4 times more nodules and was 3 to 4 times 
more numerous around the roots than either CL03-E or 
HP3. That is to say, when .CL25-S was 3 to 4 times more 
common in the rhizosphere the nodules produced at that 
time would be 3 to 4 times more likely to contain this 
strain than its competitor. Similarly CL25-S enjoys 
a significant competitive advantage over the other strains, 
when considering the input ratios necessary to produce 
equal proportions of strains in the nodules. In the case 
of competition with CL03-E this advantage appears to be 
quite considerable and lies outside the range of input 
ratios actually used. In fact to produce a nodulation 
ratio of 1:1 an inoculum ratio of greater than 100:1 
(CL03-E:CL25-S) appears to be necessary. However the large 
error term associated with this indicates that this ratio 
need only be approximately 2:1. Likewise the error margin 
in the calculation of Log 10 Er for the CL25-S + HP3 
comparison makes this value statistically equivalent to 
0. However in this comparison the competitive advantage 
CA for CL25/HP3 is significantly greater than 0 and so Er 
can logically be assumed to be positive in this case. 
The Ci values calculated for these same two comparisons 
are both significantly greater than 1 (Log 10 Ci> 0). Thus 
a 1:1 ratio of CL25-S to both of it's competitors (CL03-E, 
HP3) in the inoculum results inCL25-S occupying significantly 
more nodules than the others. However these two values for 
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Ci were statistically the same, which would mean, if 
these values were to be taken as the true measure of 
competitiveness, that both CL03-E and HP3 were 
competing equivalently with CL25-S for nodulation. This 
is discounted by comparing the slopes of the two 
regressions (Fig. 9). In the CL03-E + CL25-S comparison 
b = 0.18 ±' 0.14 and in the CL25-S + HP3 comparison 
b = 0.48 ± 0.18. The two slopes are different and this 
is reflected when t-tests are performed on the values 
of Log10 Er or Log 10 CA which shows that CL03-E and HP3 
compete differentially with CL25-S for nodulation. That is, 
in this case, the CL03-E + CL25-S mixture has a greater 
tendency to reach equilibrium. 
5) 	The effect of selected host genotype on nodulation 
by paired strains of R. trifolii 
a) Experimental 
Stolon tips (2 cm long) were taken from plants (white 
clover cv NZGH) previously selected for differences in 
growth habit, leaf size and leaf markings by Dr A. Rangeley 
(HFRO). A number of clones representing four different 
white clover genotypes (ARG1, ARG3, ARG4, ARG5) were thus 
produced and cultivated in the simplified agar slope 
assembly (Chapter 2, Section 2biii). This assembly 
incorporated SNS (pH 6.5) agar + 15,.M.M indole acetic 
acid. to encourage root formation (Gresshoff, 1980). Due 
to the limited amount of plant material available,only 
the two paired inocula that had previously shown significant 
differences in the competitive abilities of the strains 
(CL03-E + CL25-S + HP3) were used. The number of input 
ratios also had to be reduced to 3 (10:1, 1:1, 1:10). 
Each treatment combination was replicated 6 times and tubes 
were arranged in a randomised block design with two 
replicates in each of the three blocks. The plants were 
allowed to grow for 60 days before random nodules (up to 
20 per plant) were excised for identification of the infecting 
rhizobia. The total number of nodules produced on each 
plant was also recorded. 
b) Results 
i) The effect of cloned host genotypes on total nodule 
production 
When an analysis of variance was performed on the 
total nodule production data only the effect of the host 
genotype had an effect. (Neither the inoculum nor 
the input ratio altered the mean number of nodules found 
on the roots) . The overall mean number of nodules per 
plant for each genotype is given in Table 11. These 
mean values are split into their component parts in 
Appendix 7. 
Table 11: Mean number of nodules produced. on 4 stolon-
propagated clones (genotypes) of white clover 
receiving one of. 2 paired-strain inocula. Values 
are taken from data bulked over inoculum 
treatments. 
Clone/Genotype Code 
ARG1 	ARG3 	ARG4 	ARG5 	LSD (P< 0.05) 
Mean number of 
nodules 	 16.0 	34.8 	23.8 	21.4 	10.3 
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The plant genotype was shown to play a part in 
determining the number of nodules in as much as ARG3 
produced more nodules than the other clones. 
ii) The effect of cloned host genotype on competition 
for nodulation between paired strains of R. trifolii 
When the ratio of strains in the nodules (output 
ratios) for each strain combination were analysed separately, 
only the input ratio showed any significant effect. There 
were no significant differences between genotype means 
(Appendix 8) , and indeed, some of the regressions produced 
were insignificant. It was therefore decided that in 
order to assess whether any alteration had occurred in the 
competitiveness of each strain, due to restriction of host 
variability, the data for each strain combination would 
be bulked across clones. The two significant regressions 
produced are presented as replacement diagrams (Fig. 10) 
and the calculated measures of relative competitiveness 
are given in Table 12. 
Table 12: Relative competitive measures for two paired-
strain comparisons inoculated onto 4 stolon-
propagated white clover clones 
Comparison 	Measure of 	Extrapolated Log 1 
Competition Value 	Equivaents 
(± 95% confidence 
Limits) 
CL25-S/CLO3-E 	Er 3.57 0.55 + 0.16 
CA 124.5 2.10 -4- 1.32 
Ci 2.78 0.44 + 0.11 
CL25-S/HP3 	 Er 2.72 0.43 ± 0.31 
CA 3.09 0.49 0.47 
Ci 1.70 0.23 + 0.14 
Overall CL25-S remained the most competitive of the 
three strains. Stable equilibrium in this experiment should 
97a 
Fig. 10: Replacement diagrams showing the two significant 
competitive interactions between strains of R. tn-Foul 
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be therefore reached when CL25-S is 3.57 times more 
common than CL03-E or 2.72 times more common than HP3. 
That is, these strain mixtures (CL25-S + CL03-E, CL25-S + HP3) 
should stabilise with CL25-S dominating in the nodules, 
and in the tube populations by the above amounts. 	As 
no significant differences were found between any of the 
4 clones/genotypes by analysis of variance of the output 
ratios (nodule ratios) it was concluded that, under conditions 
imposed in this experiment, the host genotype, although 
determining the number of nodules, did not affect the 
proportion of nodules formed by each strain. To produce 
50% of these nodules, irrespective of host genotype, CL03-E 
would have to be present at a ratio of 124.5 :1 (CL03-E: 
CL25-S) in the inoculum. To produce the same outcome for 
the other comparison there would have to be approximately 
a 3:1 ratio of HP3:CL25-S in the inoculum. Equal proportions 
of strains in the inoculum produced a mean nodule ratio of 
2.78:1 (CL25-S:CL03-E) and 1.7:1. (CL25-S:HP3) , again 
independent of the number of nodules produced or the host 
on which they were formed. 
6) 	The effects of temperature on competition between strains 
of R. trifolii 
a) Experimental 
To investigate the effects of temperature on paired-
strain inoculants and each strain's relative nodulation 
success, two experiments were run concurrently. Firstly 
the main experiment., like the previous two, was designed 
to monitor the relationships between the input and the 
output ratios, but at two growth temperatures. The 
temperatures used were 20 °C and 10°C day temperatures. 
Night temperatures tended to drift slowly downwards by 
up to 3°C, but recovered sharply when the growth room 
lights were switched back on. In all controlled experiments 
reported in this chapter the night period was set at 6 hours. 
The main competition experiment was factorially arranged 
in a randomised block design with 3 blocks, 2 replicates 
per block. For each strain comparison there were 2 
temperature regimes x 4 input ratios (10:1, 5:1, 1:5, 1:10) 
x 6 replicates. 
Six plants of each strain combination were also 
inoculated with a 1:1 ratio in order to measure fluctuations 
in the rhizobial populations in the filter paper wick 
assembly. However to produce measurable changes in these 
populations the inoculum rate for these plants was reduced 
to 2 x lO cells per tube (1 x 	cells per strain), 
instead of the usual inoculation with 1 x 1O 7 cells per 
tube. This reduction was deemed necessary as preliminary 
trials had shown only insignificant changes inpopulation 
density when inoculation was at the higher rate. Every 
10 days, and at the end of the experiment, viable counts 
were obtained for the number of cells of each strain in 
each inoculum combination. This was done by extracting 
0.1 ml aliquots from the nutrient solution reservoir 
(base of tubes) and over-plating serial dilutions of these 
samples with antibiotic-supplemented YM agar. The results 
could be calculated as total numbers of each strain per 
tube as the SNS (pH 6.5) was maintained at 4 ml per tube. 
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All plants in both sets of experiments were grown 
for a total of 65 days (filter paper wick assembly) instead 
of the usual 60 days as initial growth and nodulation at 
10 °C was much slower than at 20 0C. 
b) Results 
1) The effect of temperature on nodulation 
competing. strains of R. trifolii 
The raw data of mean output ratios are recorded in 
Appendix 9 and represented as replacement diagrams (Fig. 
11 and 12) . In every comparison, temperature was shown 
to have no overall effect on the mean proportion of each 
strain in the nodules (bulked across input ratios). The 
overall mean number of nodules was similarly unaffected 
in, the majority of cases. The comparisons within which 
significant differences in nodule number did occur are 
recorded in Table 13. 
Table 13: Changes in the number of nodules occupied 
by competing strains, in two comparisons, 
caused by differences in growth temperature 
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Fig. 11: Replacement diagrams. showing the relationship between 
output (nodulel ratis and input (inoculumi ratios of 
strains of R. tri -Folli competing for nodulation of white 




-1 	0 	+1 
Log 
 10 














Fig. 12: Replacement diagrams s.hodng the relations.hjp between 
output (nodule) ratios and input (i.rrnculurn ratioa of 
strains of'R. trifolli competing for nodulation of wbite 

































I 	0 	+1 
CLO3-E/CL56-K 
(0 	 0 
0 
(U 












Log10 input ratios Cratio of strain A/strain B in the inoculum) 
103 
showed that the strains involved were competing equally 
at both temperatures. The measures of relative competition 
for nodulation (Equilibrium ratio, Er; Competitive 
Advantage, CA; Amarger and Lobreau's Competitive Index, 
Ci) in the other two cases are presented. in Tables 14 and 
15. 
All three significant reductions in the number of 
nodules occupied by various strains were the result of a 
reduction in temperature. The two dual-strain comparisons 
where the significance occurred were both cases in which 
CL03-E was competing for nodulation with an effective 
strain (CL56-K or HP3). Of these, the mean number of 
nodules occupied by HP3 was not significantly reduced by 
the lower growth temperature. The effect of the competition 
between CL03-E and HP3 on plant dry matter production will 
be dealt with in section 8 of this chapter. As a result 
of the overall reduction of nodulation by CL03-E 
but not by HP3, the gradients (b) of the regression lines 
for this comparison were altered by temperature (Figs. 
11; and 12.3). However at both temperatures the intercept 
(a) with the Y-axis was statistically equivalent to 0 
(a = 0) and so all the measures of relative competitiveness 
(which are a function of a) remained equivalent to 1. 
None of the differences between the same measure 
of competition (Er, CA or Ci) , at each temperature regime, 
within the same inoculum comparison, were significantly 
different from each other. Thus competition for nodulation 
as measured by these values was unaltered by temperature. 
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Table 14: The effect of growth temperature on the 
competition for nodulation between CL25-S 
and CL03-E. 
Temperature Measure of Values for Log 10  equivalents competition CL25-S/ 	- 
+95% confidence CLO3-E - limits, 
20 °c Er 2.58 0.41 + 0.31 
CA 2.68 0.43 ± 0.33 
Ci 1.61 0.21 ± 0.07 
10 °C Er 1.86 0.27 	+ 0.27 
CA 3.51 0.55 ± 0.58 
Ci 1.49 0.18 	+ 0.08 
Table 15: The effect of growth temperature on the 
competition for nodulation between CL25-S 
and HP3 
Temperature Measure of Values for Log10 equivalents 
competition CL25-S/HP3 
± 95% confidence 
limits 
200C Er 1.55 0.19 + 0.16 
CA 2.56 0.41 ± 0.37 
Ci 1.35 0.13 + 0.10 
10°C Er 1.85 0.27 + 0.26 
CA 2.51 0.40 ± 0.56 
Ci 1.45 0.16 ± 0.15 
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However taking the pattern of the competitive interaction 
as a whole, hence comparing the fitted lines, it can be 
seen that the gradient of the regression may be altered by 
temperature. For instance the slope of the replacement 
series regression for CL03-E/CL25-S at 20 0C was 0.49 ± 
0.08 whereas at 10 0C b = 0.33 ± 0.1, the differences being 
significant at 5% probability level. In the CL03-E/HP3 competitio 
trial b = 0.29 ± 0.15 at 20 °C whereas at 10 °C b = 0.46 ± 
0.08. The input and output ratios are more closely related 
at higher values of b, thus the lower the gradient, the 
greater the tendency for the populations to stabilise. As 
the above comparisons showed only these two changes, and 
that the direction of the change was different in both cases, 
it can still be concluded that generally growth temperature 
does not affect the intrinsic competitiveness for nodulation 
of the different strains. 
ii) The effect of temperature on the development of 
rhizobial populations in the filter paper wick 
assembly 
Large fluctuations in viable counts were recorded between 
replicate tubes as well as within single tubes over time. 
Such changes over time are demonstrated in Fig. 13 which 
shows variations in strain numbers from representative tubes 
of the CL03-E + CL25-S or CL25-S + HP3 inoculation treatments 
at both temperatures. However because of large differences 
between replicates no conclusive evidence of temperature 
effects could be obtained. However correlations between 
competing strains were produced and are presented with their 
significance levels in Table 16. 
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Fig. 13a,b: Graphs of population changes with. time of competing 
strains of R. trifolii in representative nutrient 
reservoirs for white clover plants grown in the filter 
paper wick assembly at 100C and 200C respectively. 






























































Co 	 r- 	 CO 	 In 	 - 	 CT.) 
106b 
Fig. 13c,d Graphs of population changes with. time of competing strains 
of R. tri-Folii in representative nutrient reservoirs for 
white clover plants grown in the filter papert.iick assembly 
at 100C and 290C respectively. Initial inoculum contained 
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Table 16: Correlation coefficients for development of 
populations of competing strains in the filter 
paper wick assembly at two temperatures. N.S. 
signifies that the correlation coefficient is 
not significant 
Strain Growth Correlation Significance 
comparison temperature coefficient level 
CL03-E x 20 °C 
r 
0.58 p < 0.05 
CL25-S 100C 0.11 N.S. 
CL03-E x 20 0 C 0.05 N.S. 
CL56-K 10 °C 0.68 p <0.05 
CL03-E x HP3 20 0 C 0.64 p < 0.05 
10° C 0.73 p<.O.Ol 
CL25-S x HP3 20 0C 0.16 N.S. 
10 0 C 0.68 p< 0.05 
CL56-K xHP3 20 0 C 0.72 p< 0.01 
10 ° C 0.93 p< 0.001 
In all dual-strain treatments (comparisons) at one 
temperature regime at least, a significant correlation 
was obtained between the two competing strains. Generally 
speaking then., factors affecting the multiplication of one 
strain in this plant-culture assembly, similarly affect 
the other strain. Referring to Fig. 13 there appears to 
be a general trend for the rhizobia populations to increase 
with time. This may reflect the stimulatory effect of the 
plant root (Dart, 1977; Parker, Trinick and Chatel, 1977) 
growing down into the nutrient solution reservoir from which 
samples were taken. It also appears that these tube 
assemblies can only support a total rhizobia population of 
between 1 x 108  to 1 x 1O 9 cells, as only transient increases 
above 1 x 10  cells per strain occurred during the course 
of this experiment in a few tubes. This estimate however 
0 
only refers to rhizobia in the nutrient solution and not 
those intimately associated with the root surface. 
Temperature had no effect on the relative nodulation 
performance of each strain in any of the comparisons. 
In fact in this experiment none of the nodulation ratios 
were significantly different from 1:1. Thus none of the 
previously observed competition effects were recorded 
during this study. No evidence was therefore produced 
to suggest that the greater intrinsic competitiveness 
of CL25-S over CL03-E and HP3 for nodulation was related 
to their relative concentrations in the nutrient solution 
reservoir. 
7) 	The effect of pr 
nodule occupancy 
inoculation by one strain on 
two competinq strains 
a) Experimental 
For this experiment all plants were grown in the 
simplified agar slope assembly using SNS agar and 
solutions (pH 6.5). Uniform axenically-germinated seedlings 
were placed on the SNS agar slopes and allowed to 
establish for 24 hours before being spot inoculated. Spot 
inoculation entailed the introduction of a drop of dilute 
rhizobia suspension (100-1000 viable cells) of one or the 
other competing strains in a comparison, onto the radicle. 
Seventy-two hours later a 1:1 ratio of competing strains 
(1 x 10 cells per strain) was inoculated onto the root 
surface. This period of time was chosen as it was the 
minimum period which the strains being used had taken to 
produce the first visible cortical swellings of nodule 
108a 
Fig. 14: Photograph of white clover root (magnification x4GQ) showing 
curled root hairs and initiation of nodule formation 72 
hours after inoculation with R. trifolii (strain CL56-K). 
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initiation, on plants cultured in sealed petri dishes on 
SNS agar (see Fig. 14). Thus the strain used as the 
initial inoculum was being allowed to establish itself 
on the root surface of young seedlings and initiate the 
first nodule before it was being competed against. The 
aim of this was to check whether early establishment 
and/or nodulation affected the outcome of competition, 
as it was thought unlikely that the initial inoculum would 
multiply enough to significantly alter the final 1:1 
inoculum ratio. 
For every dual-strain comparison there were two 
treatments; the initial application of one or other of 
the two strains being compared. Each treatment was 
replicated 20 times and the tubes arranged in a growth 
chamber (20 0C day) in a randomised block design, with 
five replicates in each of four blocks. Sixty days 
after the main inoculum application, random nodules 
(up to 20 per plant) were excised for identification of 
isolates. Shoot dry matter production for all plants 
were also measured but this data is presented later 
in section 8. 
b) Results 
Table 17 shows that in all but one comparison 
(CL25-S + HP3) the initial inoculation treatment 
significantly alters the proportion of nodules formed 
by each strain, favouring that strain which was first 
introduced to the plant. In the case of CL25-S + HP3, 
there was the tendency for CL25-S to dominate, but due 
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Table 17: The effect of initial spot inoculation by one 
strain on the nodulation by both competing 
strains inocu lated at a 1:1 ratio of strain 
A:strain B 72 hours later 
Strain 	Nodulation 
	Mean nodulation LSD P<0.05 
Comparison Measurement values when each (NS indicates 
strain was spot differences 
inoculated 	were not sig.) 
Strain A Strain B 
CL03-E+ CL03-E CL25-S 
CL25-S N9 CL03-E nodules 8.6 4.8 3.7 
N? CL25-S nodules 7.2 10.6 NS 
% CL03-E nodules 56.2 29.1 11.7 
% CL25-S nodules 43.8 70.9 11.7 
CL03-E+ CL03-E CL56-K 
CL56-K N? CL03-E nodules 11.0 7.1 3.8 
N? CL56-K nodules 9.1 9.9 NS 
% CL03-E nodules 54.7 40.7 8.5 
% CL56-K nodules 45.3 59.3 8.5 
CL03-E+ CL03-E HP3 
HP3 N? CL03-E nodules 11.5 7.6 3.7 
N9 HP3 nodules 6.8 10.8 3.9 
% CL03-E nodules 60.8 39.6 6.9 
% HP3 nodules 39.2 60.4 6.9 
CL25-S+ CL25-S HP3 
HP3 N9 CL25-S nodules 11.4 9.4 NS 
N? HP3 nodules 8.8 9.2 NS 
% CL25-S nodules 53.5 52.9 NS 
% HP3 nodules 46.5 47.1 NS 
CL56-K+ CL56-K HP3 
HP3 N 	CL56-K nodules 6.4 5.9 NS 
N? HP3 nodules 4.3 7.1 2.7 
% CL56-K nodules 66.8 49.5 6.6 
% HP3 nodules 33.2 50.5 6.6 
to the large variability between replicates no differences 
were significant. 
Some of the observed changes in proportional nodule 
occupancy could be attributed to changes in the number of 
nodules produced by each strain. However this was only true 
for 5 out of the 8 cases where proportional differences were 
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significant. Also the numbers of nodules produced by each 
strain in each of the replicated comparisons were positively 
correlated. 
In all but one comparison (CL56+HP3) the overall mean 
proportion of nodules for each strain (bulked across spot 
inoculation treatments) were not significantly greater than 
50%. This indicates that staggering the inoculations by 
the method performed in this experiment, generally negates 
the effect of any intrinsic competitive advantage which may 
be demonstrated under other controlled circumstances. In the 
case of the CL56-K + HP3 comparison the overall means were 
58.1% for CL56-K and 41.9% for HP3. This appears to be 
related to the fact that there was a tendency for plants 
initially inoculated with CL56-K to form less nodules 
than those spot inoculated with HP3. 
8) 	The effect of competition between strains for nodulation 
on the dry matter production of the host plants 
a) Experimental 
Plants used to investigate the possibility that 
competition between strains, for nodulation, may affect 
the development of the host, were taken from experiments 
presented in sections 6 and 7 of this chapter. In the 
first instance it was noticed that plants inoculated with 
a large proportion of the effective strain HP3, appeared 
to be larger than those similarly inoculated with a greater 
proportion of the ineffective strain CL03-E, when the two 
strains formed a mixed inoculum. It was therefore decided 
to harvest the shoot material from plants inoculated with 
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this mixture at the two growth temperatures (20 °C Day, 
10°C Day section 6). 
As a result of this observation during the growth 
temperature experiment, all plants grown in the spot 
inoculation experiments (section 7) were also saved for 
dry weight analysis of shoot material. Results obtained 
for all sets of mixed inoculum treatments were compared 
with plants singly inoculated with each strain, grown under 
the same conditions and arranged randomly through the 
same blocking structure. 
b) Results 
i) Effect of growth temperature and inoculum ratio 
on the dry weight of plants inoculated with a 
mixture of CL03-E and HP3 
Table 18: Mean shoot dry weight of white clover plants 
(cv NZGH) inoculated with 4 ratios of CL03-E: 
HP3 and grown in two temperature regimes for 
65 days in the filter paper wick assembly 
Day temperature 	Ratio of 
CL03-E :HP3 








Mean shoot 	LSD 
dry weight (P< 0.05) 
(mg/plant) 
15.9 
25.0 21.1 34.9 
42.8 
4.3 
8.9 8.8 17.5 
23.6 
Representative plants of each inoculum ratio treatment 
and grown at 10 °C are shown in Fig. 15. 
At both temperatures plants inoculated with a 10:1 
ratio of CL03-E:HP3 were significantly smaller than those 
plants inoculated with a 1:10 ratio. The significance 
of differences were even greater at 10 0C where plants, 
113 
Fig. 15: Photograph of representative plants demonstrating the 
effect of altering the inoculum ratio of an ineffective 
strain - CLU3/E103 (re -Fered to in the text as CL03-E) to 
the effective strain HP3 on plant growth. These plants 
were grown for 65 days at 10 0C in the filter paper wick 
assembly. 
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inoculated with the 10:1 ratio were also smaller than the 
1:5 plants, and similarly the 5:1 ratio produced smaller 
plants than the inoculum ratio of 1:10 (CL03-E:ffP3). When 
expressed as regression lines the following relationships 
were produced for the number of nodules occupied by HP3. 
Shoot Dry Weight (Y) = 8.8 + 2.5 x No of HP3 Nodules (X) at 
20°C and 
Shoot Dry Weight (Y) = 7.61 + 0.9 x No. of HP3 Nodules (X) 
at 10°C. 
Only the gradients of these lines are significantly 
different. The fact that the gradient of the regression 
is reduced by temperature indicates that the relative 
efficiency, in nitrogen fixing and respiratory terms, of 
nodules formed by HP3 is temperature dependent. This agrees 
with the findings of Fyson and Sprent (1982) for Vicia faba 
nodules, where a greater mass of nodule tissue was produced 
at 10°C but the nitrogen fixation ability was much lower 
than for plants grown at 18 °C. 
Shoot dry weight was not related to the number of 
ineffective (CL03-E) nodules produced. However when taking 
the relative percentage nodule occupancy into account the 
following linear relationships were obtained, linking dry 
weight production directly to the proportion of nodules 
containing each strain. Regression lines of the form: 
Y = a + bx where Y and a are measured in mg/plant 
at 20°C Shoot Dry Weight = 57.72 - 0.56 x % CL03-E 
and Shoot Dry Weight = 1.99 + 0.56 x % HP3 
at 10°C Shoot Dry Weight = 30.26 - 0.34 x % CL03-E 
and Shoot Dry Weight = -3.6 + 0.34 x % HP3 
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This shows that increases in dry weight (plant 
growth) is determined by the proportion of HP3-containing 
nodules whereas increasing the occupancy of nodules by 
CL03-E, is detrimental to plant production. The intercepts 
(a) with the Y axis indicate the maximum potential of plant 
growth when HP3 occupies 100% of nodules i.e. 57.72 mg 
at 20 0C and 30.26 mg at 10 0C. The other two values (1.99 
mg at 20°C and -3.6 mg at 10 0C) for when CL03-E formed 
all the nodules were not significantly different from zero 
(a = 0). The difference in the maximum potential shows 
that temperature also reduces growth, a fact that is 
better demonstrated by considering the overall mean 
values for plant shoot dry weight at each temperature. 
At 20 °C the mean shoot dry weight for these plants was 
29.7 mg (all values bulked across input ratios) whereas 
at 10 0C the mean value was 13.6 mg. The difference 
between the two was significant. 
ii) The effect of initial inoculation with one of 
the two competing strains in a comparison. on 
the shoot dry matter production of the host 
Table 19 shows that where there were significant 
differences between dually infected plants, or with a 
comparison of these with the singly infected controls, 
the mixed inoculum contained both an ineffective 
and an effective strain. None of the differences between 
the two ineffective strains (CL03-E, CL25-S) when in the 
same inoculum, were significant. In the comparison 
between the two effective strains (CL56, HP3) the only 
notable difference was between the mean shoot dry weights 
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Table 19: Mean shoot dry weight of plants, dually 
inoculated with a 1:1 ratio of two strains, 
72 hours after spot inoculation (100-1000 
cells) with one of the two competing strains, 
compared with dry weight of singly inoculated 
plants. 	All plants grown for 60 days, after 
main inoculation, in the simplified agar slope 
assembly. 	N.S. 	refers to non-significant 
difference 
Strain Mean shoot dry Mean shoot dry 	LSD 
comparison weight (mg) 	of weight (mg) 	of 
plants singly plants spot 
inoculated by: inoculated by 
CL03-E+CL25-S 	CL03-E 	CL25-S CL03-E 	CL25-S 
3.6 4.1 3.0 3.8 	N.S. 
CL03-E+CL56-K 	CL03-E 	CL56-K CL03-E 	CL56-K 
3.6 25.1 13.6 30.5 	7.4 
CL03-E+HP3 CL03-E 	HP3 CL03-E 	HP3 
3.6 36.6 16.6 41.4 	10.8 
CL25-S+HP3 CL25-S 	HP3 CL25-S 	HP3 
4.1 36.6 22.2 29.7 	10.7 
CL56-K+HP3 CL56-K 	HP3 cL56-K 	HP3 
25.1 36.6 25.8 34.6 	11.3 
of the singly infected standards, with HP3 proving to be 
the most effective strain. 
The effect of dually inoculating host plants with a 
mixture of an ineffective with an effective strain was 
to produce significantly larger plants than the ineffectively 
inoculated standards. Nevertheless when the ineffective 
strain was given a competitive advantage, by forming the 
initial spot inoculation, the host plants were significantly 
smaller than the plants spot inoculated with the effective 
strain or the effective standards. This is demonstrated 
in Fig. 16 by a photograph of representative plants from 
the CL03-E + HP3 comparison. 
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Fig. 15: Photograph demonstrating the effect, on plant growth, of 
giving a competitive advantage to either an ineffective 
strain of R. trifolii, CLD3/E102 (refered to in the text 
as CL03-E) or an effective strain, HP3. The competitive 
advantage was produced by inoculating the young seedling 
with a spot of single strain inoculum (100-1000 cells) 
72 hours prior to the main 1:1 ratio of mixed inoculum 
(1 x 10 7 cells of each strain). These plants are compared 













SINGLE STRAIN INOCULUM 	 MIXED INOCLUM CL03/E102 HP3 
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After regression analysis of the dry weight and 
nodulation data, it was found that due to there being 
a great deal of variation amongst replicates, the 
regressions for the CL25-S + HP3 comparison, were 
not significant. However the following significant 
linear relationships were obtained for comparisons involving 
CL03-E and the effective strains. Using the regression 
line of the form Y = a + bx for the CL03-E + CL56-K 
comparison 
Shoot Dry Weight = 47.09 - 0.53 x % CL03-E in nodules 
and for the CL03-E + HP3 comparison: 
Shoot Dry Weight = 67.36 - 0.76 x % CL03-E in nodules 
This implies that CL03-E exerts a greater influence 
on the potential growth as determined by the proportion 
of HP3 occupied nodules than it does on those plants 
inoculated with CL56-K as the competitor. These two 
comparisons therefore incorporate data which can be used 
to compare the relative competitiveness for infection between 
the two effective strains when present in an inoculum with 
CL03-E. This is based on the assumption of Lagacherie et al 
(1977) that relative competitiveness of effective strains 
can be determined from the relative reduction in dry matter 
yield due to competition for infection with the same 
ineffective strain. 
Thus Competition 	= 100 X Dry Wt. of Dually Inoc. plants for Infection (CI) Dry Wt. of Singly Inoc. plants 
where the singly inoculated plants are infected solely by 
the effective strain. Taking the grand mean of dually 
infected plants for each comparison with CL03-E 
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CI for CL56-K = 87.6%) 
(% of the dry weight of singly 
CI for HP3 	= 79.3%) infected plants) 
As shown earlier by the two regression lines dual 
inoculation with CL03-E has a greater effect on plants 
infected with HP3 than CL56-K which using the assumption 
of Lagacherie et al implies that CL56-K is more competitive 
than HP3. These values (CI) like the regression gradients 
(b) are unlikely to be statistically different due to the 
great range in shoot dry weights produced by the differing 
spot inoculation treatments. 
9) 	Discussion 
Merely listing strains in order of the number of 
nodules formed during an experiment (Robinson, 1969a). is 
inadequate for studying competition between strains of 
Rhizobiuxn trifolii. Similarly the possibility of dual 
occupancy of nodules especially in bacteriologically 
controlled conditions (Marques-Pinto et al, 1974), must 
also be studied. In some tests Robinson (1969a) did not 
appear to check this possibility and may have subsequently 
underestimated the competitive ability of an ineffective 
strain. In experiments presented in this chapter dual 
occupancy was found to be quite common though unrelated 
to experimental conditions or dual strain comparisons. 
In all these experiments at least 10% of nodules were 
doubly infected with up to 28.3% being recorded in a few 
random cases. These rates of mixedly infected nodules 
are similar to those found by Bromfield and Jones (1980a) 
in agar cultured plants (177o.:to 257Q) and. Jones' and" Morley 
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(1981) (207o). Hence in all studies on competition for 
nodulation, strain recognition must be based on nodule 
isolates and not nodule appearance, and some comparable 
measure of relative competition must be made. For 
statistical purposes throughout this thesis double occupancy 
of one nodule was treated as single occupancy of two 
separate nodules. This was justified as Rolfe and Gresshoff 
(1980) found that in such dually infected nodules, each 
cell was occupied by bacteroids from only one strain, 
implying that different infection threads were used. 
Therefore one dually infected nodule is equivalent to two 
successful infections, one by each strain. 
a) The use of competition indices in nodulation studies 
In order to compare competition for nodulation between 
strains, standardised measures of the relative strain 
performances need to be produced. As both Amarger (1979) 
and Skrdleta and Karimova (1969) found that the relative 
nodulation success of paired strains was related to their 
ratio in the inoculum, replacement series regressions of 
Log 10  transformed input and output ratios were used to 
produce such measures. Three different indices of relative 
competitiveness were produced from these regressions, and 
their relative merits are discussed below. 
i) Amarger and Lobreau's Competitive Index - Ci 
This is an estimate of the mean ratio of nodules 
occupied by each strain when represented in the inoculum 
in a 1:1 ratio. When this value is significantly different 
from 1, it shows that the two strains in the inoculum are 
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competing for nodulation. However it neither shows how 
the strains are competing, nor whether they are competing 
at all when the value produced is statistically equivalent 
to 1 (Ci = 1). Thus its. only.advantages are its ease in 
computation from a fitted regression (only one error term 
is attributed to it) , or its experimental convenience, as 
only plants receiving a 1:1 inoculum ratio are actually 
required. However because of its simplistic nature it was 
found to underestimate the significance of the difference 
between values obtained from different comparisons utilising 
the same common strain. 
ii) Competitive Advantage - CA 
The competitive advantage (CA) of one strain over 
another, is an alternative measure to "Ci" and is possibly 
a more realistic value of competitiveness as it is found 
from the ratio of strains in the inoculum required to produce 
a 1:1 nodulation ratio. Thus it is the reciprocal of the 
ratio of the dominant strain to the less-competitive 
strain, required to overcome the dominant strains greater 
intrinsic competitiveness for nodulation. When neither 
strain dominates (i.e. equally competitive) and CA = Ci, 
the index CA, by virtue of being dependent on both the 
intercept and the slope of the fitted regression, unlike 
Ci, provides latent information on whether the strains are 
competing unequally at other ratios. The interpretation 
of this measure being a "competitive advantage" only 
holds true, when the competing strains can form a stable 
equilibrium and, as in these circumstances the gradient 
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is less than one (b < 1) , the error terms associated with 
the value produce unacceptably high 95% confidence limits 
spanning the Log 10 
 equivalents. Therefore to show 
significance between two computed values of CA, when the 
95% confidence limits overlap, t-tests are also necessary. 
iii). Equilibrium Ratio - Er 
This was found to be the most versatile and accurate 
measure of relative competition between two interacting 
strains, as it shows, how the strains' performances 
interrelate, as well as the theoretical outcome of prolonged 
competition under controlled conditions. In the two 
extreme cases, when Er = 00, or Er = 0, one of the two 
strains is being excluded from the system. If Er tended 
towards these values the possibility of antibiotic, 
bacteroicin or phage production by one strain would have 
to be investigated. In the case of a stable equilibrium 
(b 1) and when there is a strong tendency for the strains 
to equilibrate (b(0.5) the error term associated with Er 
lies between those terms associated with Ci and CA. Under 
these circumstances, any significant differences between 
comparisons are likely to be truely representative of 
differing competitive abilities. However like the term CA, 
a replacement series of inoculum ratios is required to produce 
Er which makes it less experimentally convenient than using 
the term Ci. 
b) Effects of cultural variables on competition 
between strains of R. trifolii for nodulation 
ot white clover (cv NZGH) 
Competition for nodulation between paired strains was,. 
on the whole, unaffected by varying the nutrient solution pH, 
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growth temperature or host genotype. Over the three 
sets of experiments incorporating differing input ratios, 
three strains (CL03-E, CL56-K, HP3) were judged to be 
competing equally with each other in paired comparisons. 
When CL25-S was compared with CL03-E or HP3 it was 
always the more competitive strain as measured by 
competition indices although the values for these varied 
between experiments. 
The results from the pH experiment (Section 4) are 
different from the findings of Jones and Morley (1981) 
where pH was shown to drastically alter the nodulation 
success of two strains of R. trifolii on 4 clover cultivars. 
However these two strains had been selected from two 
different collections and their growth characteristics 
were radically different at pH 5. In the experiments presented 
in this chapter, all of the four strains used were isolated 
from acidic Scottish soils, and in preliminary trials 
(not presented), had been able to form nodules on the white 
clover cultivar NZGH over the range of pH's used in the 
competition trials. pH 5 was the lowest chosen for these 
experiments as some reports have indicated that nodulation 
can be drastically reduced or inhibited at lower levels 
(Munns, 1968a; Van Schreven, 1972; Wood, Cooper and 
Holding, 1983). Also, as infection and nodule development 
processes were about lOx more sensitive to acidity than 
either bacterial growth or root growth alone (Evans, 
Lewin and Vella, 1980), factors other than competition 
amongst strains would affect -rrodulation below pH 5.0 thus 
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complicating the interpretation of results. 
Jones and Morley (1981) also showed that the 
previously mentioned variation in competitiveness due 
to pH, was also modified by the white clover cultivar 
used. Nodulation is more variable in outcrossing legumes 
(Gibson, 1980a) such as white clover and Jones (1962) 
noticed that there was significant plant to plant 
variation in symbiotic effectiveness and the number of 
nodules produced, when inoculated with a single strain. 
Significant inter-plant variation in nodulation by a 
paired-strain inoculum (1:1 ratio) was also recorded by 
Jones and Russell (1972). Using stolon -propagated clones 
of white clover Jones and Hardarson (1979) attributed 
93% of the variation in nodulation success to the 
host genotype. These results however were from cloned 
plants of different varieties, whereas the similarly-
conducted experiments in this chapter (Section 5) on the 
effect of plant genotype used stolons from the same variety. 
Although it was shown that total nodule number may be 
partly under the genetic control of the host, agreeing 
with the findings of Jones (1962), Jones and Burrows 
(1968) and Lawn and Bushby (1982), this did not alter 
the relative competitive abilities of the four strains 
studied, when inoculated onto different clones from one 
cultivar. 
Similarly, despite published reports to the contrary 
(Al-Doori, 1982; Hardarson and Jones, 1979; Weber et al, 
1971, Weber and Miller, 1972) no evidence was obtained 
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from experiments presented in this chapter (section 6) to 
suggest that the overall outcome of competition for nodulation 
was altered by growth temperature. This apparent 
contradiction with previously published results is probably 
again due to the fact in these published experiments, the 
strains showing the differences were originally selected 
from widely different environments. However the underlying 
mechanisms of competitive interactions recorded in this 
present work, did appear to be modified to some degree by 
temperature even though the values for the calculated 
competition indices remained unchanged. In the same 
series of experiments it was also found that development 
of rhizobial populations in the filter paper wick assembly 
was also probably unaffected by temperature, and that the 
relative nodulation by strains present in the tubes was 
unrelated to their concentrations in the nutrient solution. 
Other cultural factors known to influence nodulation 
of legumes, such as inorganic nitrogen levels (Munns, 1968b 
c, d) and aluminium levels (Keyser and Munns, 1979) were 
not investigated in this chapter as their effects were being 
studied elsewhere (Jones, D.G. pers. comm.; Cooper, 1982; 
Wood et al, 1983) . The one experimental variable shown, 
during the course of this present work, to change the outcome 
of competition, was the staggering out of the introduction 
of strains, to 'th.e roots. That is, the application of 
a small inoculum (100-1000 cells) of a single strain, to 
the young root, 72 hours prior to the main 1:1 ratio 
inoculation (2 x 10 7 cells) (section 7). The outcome of 
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priming the young root in this way, with a dilute single-
strain inoculum, was to confer on that strain a nodulation 
advantage, which resulted, in all but one case, in the 
initially-introduced strain forming the majority of the 
nodules. The nodulating advantage thus conferred also 
negated the intrinsic differences in competitive abilities 
demonstrated by the previously produced ."replacement series" 
(sections 4, 5 and 6). As the young radicle was only 
approximately 2 cm long when it was primed by spot 
inoculation of a single strain, these results indicate 
that the earlier introduced strain remains in intimate 
contact with the developing root in proximity to the positions 
of new infection sites. 
A similar result was obtained by Skrdleta (1970) when 
two single strain inoculants were applied to a plant at 
different times. Skrdleta (1970) found that the number of 
nodules formed by the strain applied later, and competing 
with the strain applied at sowing, decreased rapidly with 
increased time from sowing to the second inoculation. 
When the interactions between effective and ineffective 
strains were investigated, a negative effect of increased 
nodulation by the ineffective strain, on plant growth was 
recorded (Section 8). Thus by encouraging the establishment 
of an ineffective strain in the nodules, by giving it a 
nodulating advantage (altering ratios of inoculum strains; 
priming the root with a dilute single strain inoculum), the 
potential dry matter production of the plants was significantly 
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reduced. This was in accordance with the results of 
Haystead and Sprent (1961) for white clover grown in 
pots, and for soyäbeans (Lagacherie et al, 1977). The 
latter group of workers developed a competitive index based 
on this phenomenon, to compare the competition for infection 
(CI) of different effective strains, in paired associations 
with an ineffective reference strain. In section 8 of this 
chapter values for this measure (% dry weight relative to 
totally effective nodulation) were obtained for strains 
CL56-K and HP3. However although they showed that the 
mixed infection produced, on average, smaller plants than 
the single strain infections, because of the wide range 
of results between treatments, these values, as measures 
of relative competitiveness, were inconclusive. 
CHAPTER 5 
The effects of liming and inoculant type, on the 
competition for nodulation and saprophytic 
competence of strains of R. trifolii introduced 
into a Scottish Hill soil. 
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Introduction 
Chatel, Greenwood and Parker (1968) used the term 
saprophytic competence of a strain to describe three 
properties, in addition to infectiveness or effectiveness 
necessary for its successful establishment in the field 
environment. These were:- 
i.) incursion into the root zone 
the ability to colonise soil away from the influence 
of the host root, and 
the ability to survive or multiply there under adverse 
physical conditions. 
In this chapter, data are presented from a field 
experiment (the Glensaugh field experiment) in which. 
established populations and nodule occupancy of introduced 
and indigenous rhizobia were monitored over a 12 month 
period. The introduced strains were the same four, 
antibiotic resistant, mutants described in chapter 4 
(.CL03-E, CL25-S, CL56-K, HP 3 ). The aim of this experiment 
was to investigate the relative abilities of these strains, 
to colonise and establish stable populations, in the soil 
and rhizosphere. Their relative abilities to compete for 
nodulation of white clover (c.v. NZGH) against indigenous 




a) Site Preparation and Lime Treatment 
The site chosen for this experiment was a south 
facing slope on the Cairn'O'Mount Hill, H.F.R.0. Glensaugh 
Research Station, Laurencekirk, Kinkardineshire. This was 
a hill site initially reseeded in 1978 and later fenced 
off for experimental purposes. Hence this was an improved 
and not a virgin hill site and effective strains of R. 
trifolil had been introduced with the previously seeded 
clover. The soil was a shallow peaty podzol which contained 
between 4.27 x 10 - 1.1 x 10  viable cells of R. trifolii 
per gram of soil (a range of mean values enumerated by 
triplicate ten-fold dilutions of random soil samples, 
using plant infection tests; Brockwell 1963). To 
distinguish the introduced marked strains from the rhizobia 
which were naturally present in these plots throughout this 
study those strains that were not resistant to any of the 
levels of antibiotics used in this experiment, will 
henceforth be referred to as 'indigenous' strains although 
some may have derived from the inoculation of clover 
previously sown in 1978. 
Plots 2 m x 2 m were marked out in such a way, so that 
the site consisted of an area six plots long and two plots 
wide, with 1 m paths between lengthwise plots (lengthwise 
was along the hill, widthwise was down the slope). The 
'2 
area was desiccated withGramoxone 100 (Paraquat) and 	7 
rotavated 1 week later to remove the mats of dead 
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vegetation. The open seed bed then received the differential 
lime treatment. Half the plots (randomly designated amongst 
3 blocks of 4 plots), were broadcast with 5 t ha lime 
which was incorporated to a 5 cm depth by further 
rotavating (all plots were equally disturbed). One week 
later the seed beds were leveled by forking and raking and 
seeds were sown at a rate of 12.5 g plot to ensure a 
dense pure clover sward, of one variety (NZGH). 
b) Inoculant Treatment 
All strains of R. trifolii were grown separately in 
flasks of YM broth at 28°C for 5 days. Two methods of 
inoculation were employed to supply 125 ml of 1 x 108 
cells m1 cultures of each strain to each plot at the 
time of sowing. Half the plots were sprayed directly with 
a mixture of the four strains (transported separately on 
ice and mixed on site) whereas the other six plots received 
a granular peat based inoculum (evenly mixed coated seed 
and sand), prepared 12 hours previously and stored over-
night at 4°C. This latter method involved mixing the 
pooled inoculum (enumerated and diluted), with milled peat 
and methyl cellulose in order to coat the seed evenly. 
Excess peat inoculum was added to autoclaved washed sand 
and mixed with the coated seed to enable even distribution 
of the seed and inoculum over the plots. Distribution was 
by broadcasting so as to provide the same amount of 
inoculum per unit area of ground as the spray treatment. 
Fig. 17. Diagramatic Representation of the Randomised Block Design Employed at the 
Glensaugh Field Site. 
Plots are labelled in the form of; 
Plot Number, Liming Level, Inoculant Type 
+ = Limed at 5 t ha- 
- = No Lime 
S = Spray Inoculant 
P = Peat Based Inoculant 
No samples were collected from the central zone (1 m wide). 
Plots measured 2 m 	x 2 m, Paths were 1 m wide. 	 Downward 
Slope 
ll,+,P 	9,+,S 	7,-,S 	5 1 - 2 P 	3,+,P 
Central  
Zone 
12,-,S 	lO,1,P 	8,+,S 	6,+,P 	4,-,P 	2,+,S 
Block C 	 Block B 	 Block A 
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These treatments were arranged factorially with the 
lime treatments to form the randomised block design as 
presented in Fig. 17. 
c) Sampling 
Five random 4.5 cm diameter soil cores were collected 
from every plot on each of three occasions. The first 
samples were collected six weeks after sowing (in June 
1982) the second set at the end of the growing season 
when the older nodules were senescing (October 1982), and 
finally after regrowth of plants had commenced (May 1983). 
From each of these cores, intact white clover root systems 
were carefully extracted and ten randomly selected nodules 
were excised from each set (50 from each plot). Serial 
dilutions were made from suspensions of rhizosphere 
material and non-rhizosphere soil. Rhizosphere material is 
defined, for the purposes of this experiment, as being the 
fine particulate matter adhering to the root surfaces, and 
as this was removed by shaking in 0.85 % NaCl + 0.01 % 
(v/v) Decon 90 detergent, it may also have included 
sloughed off root cells and the contents of some of the 
mucIgel layer. 
Techniques for the isolation, recognitition and 	y 
enumeration of total rhizobial numbers and antibiotic 
mutants are described in Chapter 2 (section 4). 
Populations of indigenous rhizobia were estimated by 
subtracti.on of the total of the marked strains from the 
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estimated total counts. None of the original isolates from 
the soil, prior to setting up the experiment were resistant 
to the levels of antibiotics used. During the course of the 
experiment, contamination by other marked strains (FA6/4, 
P3/4) inoculated onto surrounding areas, was checked by 
testing for resistance to 50 mg 1 -1 (YM agar) spectinomycin. 
All such tests were negative indicating that lateral 
movement of rhizobia over a distance of 1 m or more was 
undetectable. 
Soil pH measurements were made on all cores, and from 
the final set of soil samples - measurements of extractable 
aluminium, phosphorus, potassium and ammonium were also 
made. No samples were collected from an area spanning 
0.5 m from adjacent plots (Central Zone - Fig. 17). 
2) Results 
The amalgamated data for the effects of treatment 
combinations (lime x inoculant type) on soil pH, over the 
three sample dates are presented in Appendix 10. Appendix 
11 shows the effects of Interactions of lime level and 
inoculant application on the occurrance of the four 
introduced strains of R. trifolii plus the extrapolated 
means for the indigenous strains, throughout the course of 
this experiment. The data for the final soil analyses 
(means for each plot) are presented in Appendix 12. 
The only significant treatment interaction (lime x 
inoculant) was recorded for nodule occupancy by strain 
CL25-S in October 1982 and so the effects of each treatment, 
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and changes over time will be dealt with separately. 
a.) Effects due to Liming 
The effects of the different liming levels (no lime, 
or application at 5 t ha- I ) on soil pH and the occurrance 
of all rhizobial groups (total, indigenous and individual 
marked strains), in the nodules, rhizosphere and soil 
fractions, for the three sample dates are presented in 
Tables 20-22. Table 22 also records the mean concentrations 
of the monitored, inorganic soil constituents (extractable 
NH 41  P, Al, K) for each lime level. 
The major effect of the application of 5 t ha lime, 
was to increase the mean pH of the soil from 5.48 in 
June 1982 (not significantly different from unlimed plots) 
to 6.15 in October 1982, and 6.23 in May 1983 (both 
significantly different from limed plots). The only 
direct effects of liming on the rhizobial populations were 
on the indigenous rhizobia in the rhizosphere in June 1982, 
and the soil population of strain HP  in May 1983. The 
former effect was an apparent reduction in numbers after 
liming (p<0.05). In the case of HP  soil concentrations in 
the final samples, liming resulted in an increase in 
numbers. 
Liming had no effect on the levels of extractable Al, 
K, P or NH  in May 1983. 
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Table 20: The effects of differential lime applications on 
mean rhizosphere, soil and nodule occupancy of 
total, indigenous and introduced strains of 
R. trifolui, together with the mean pH of samples 
collected from the Glensaugh experimental plots 
in June 1982. Lime treatments; - = no lime, 
+ = 5 t ha-' applied. NS indicates that the 
difference between means was not significant. 




CL03.-E % Nodules 
Log10 Rhizosphere Nos 
Log10 Soil Nos 
CL25-S % Nodules 
Log10 Rhizosphere Nos 
Log10 Soil Nos 
CL56-K % Nodules 
Log10 Rhizosphere Nos 
Log10 Soil Nos 
HP  % Nodules 
Log10 Rhizosphere Nos 
Log10 Soil Nos 
Indigenous % Nodules 
Log10 Rhizosphere Nos 
Log10 Soil Nos 
Total 	Log10 Rhizosphere Nos 
rhizobia Log10 Soil Nos 
Lime Treatment 	LSD 
- 	+ 	p<0.05 
5.31 5.48 NS 
8.90 5.93 NS 
7.972 7.722 NS 
4.335 4.240 NS 
17.60 15.15 NS 
7.692 7.395 NS 
5.019 4.939 NS 
6.63 2.68 NS 
7.496 7.269 NS 
5.086 5.008 NS 
3.55 2.05 NS 
6.297 6.098 NS 
3.626 3.562 NS 
65.0 74.2 NS 
9.066 8.543 0.520 
6.290 6.297 NS 
9.075 8.560 NS 
6.297 6.297 NS 
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Table 21: The effects of differential lime applications on 
mean, the rhizospliere and soil populations of 
R. trifolli and relative nodule occupancy in the 
Glensaugh field experiment, together with mean 
pH values. Samples collected in October 1982. 
Lime treatments; - = No lime, + = 5 t ha 	applied. 
NS indicates that the difference between means 
were not significant. 
Strain 	 Measurement 	Lime Treatment 	LSD 
- 	+ p<O.O5 
Mean pH 5.82 6.15 0.1 
CL03-E % Nodules 10.30 9.30 NS 
Log10 Rhizosphere Nos g 1 7.457 7.622 NS 
Log10 Soil Nos g 1 5.222 5.323 NS 
CL25-S % Nodules 4.30 7.00 NS 
Log10 Rhizospliere Nos g-1 6.725 6.445 NS 
Log10 Soil Nos g 1 5.091 4.736 NS 
CL56-K % Nodules 3.67 5.33 NS 
Log10 Rhizosphere Nos g 7.198 7.360 NS 
Log 10  Soil Nos g" 1 4.813 4.838 NS 
HP  % Nodules 3.00 5.00 NS 
Log 	Rhizosphere Nos 
10 
 g 1 4.590 4.740 NS 
Log10 Soil Nos g' 3.805 3.795 NS 
Indigenous 7o Nodules 80.0 75.70 NS 
Log 	Rhizosphere Nos 
10 
 g 1 8.495 8.560 NS 
Log 10  Soil Nos g 1 7.065 6.982 NS 
Total Log 10  Rhizosphere Nos g-1 8.637 8.669 NS rhizobia Log 10  Soil Nos g 1 7.067 7.069 NS 
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Tale 22; The effects of differential lime applications on 
extractable soil constituents, mean pH and mean 
rhizdsphëre, soil and nodule occupancy by strains 
of R. trifolit in the Glensaugh plots. 	Samples 
collected In May 
j983. 	
Lime treatments; - = No 
lime, + = 5 t ha applied. NS indicates that 
the difference between means were not significant. 
• LSD Strain Measurement Lime Treatment 
- + p<O.O5 
Mean pH 5.73 6.23 0.33 
Extractable NH4 mg/100 g 1.74 1.47 NS 
K mg/100 g 17.07 13.83 NS 
P mg/100 g 2.19 2.41 NS 
' 	Al mg/100 g 5.37 5.92 NS 
CL03-E To Nodules 5.83 4.67 NS 
Log 10  Rhizosphere Nos g 
7.320 7.059 NS 
Log 10  Soil Nos g-1 
5.012 5.268 NS 
CL25.-S % Nodules 1.67 6.00 NS 
Log10 Rhizosphére Nos g 1 5.843 6.104 NS 
Log 10  Soil Nos g' 
4.770 5.064 NS 
CL56-K % Nodules 4.67 4.33 NS 
Log 10 
 Rhizosphere Nos g' 6.151 6.246 NS 
Log 10  Soil Nos g -1- 
4.978 5.094 NS 
HP  % Nodules 1.83 1.33 NS 
Log 10  RhIzosphere Nos . g 
5.179 5.137 NS 
Log10 Soil Nos g 1 3.575 4.088 0.410 
Indigenous % Nodules 86.0 83.3 NS 
Log 10  RliIzosphere Nos g 
8.499 8.170 NS 
Log 10  Soil Nos g-1 
6.669 6.585 NS 
Total Log 10  Rliizosphere Nos g 
8.550 8.229 NS 
rhizobia Log 10  Soil Nos g 
6.675 6.595 NS 
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b) Effects due to Inoculant Type 
The mean nodule occupancy, and the concentrations of 
the various strains in the soil and rhizosphere are presented 
together with the mean pH, for each inoculant treatment 
in Tables 23-25 for the three sample dates. Table 25 also 
shows the mean values obtained from the soil analyses from 
the final samples. 
Neither inoculant significantly altered the mean 
concentrations of extractable NH 4 , K, P or Al or the mean 
soil pH. Likewise the total and indigenous populations 
were apparently unaffected. The majority of comparisons 
made for the introduced strains were also unaltered. 
However all of the comparisons that were significantly 
different showed an apparent stimulatory effect on the 
inoculum strains by the use of the peat inoculant, compared 
to counts recorded in the sprayed plots. 
In the first samples (June 1982), the peat-based 
inoculant, appeared to increase the percentage nodule 
occupancy by CL25-S and also the mean rhizosphere concent-
rations of this strain. The soil populations of CL03-E 
and HP were also greater in these samples than in the 
spray-inoculated plots. 
By October 1982 the apparent stimulation of nodulation 
by two of the inoculum strains, CL25-S and CL56-K, resulted 
in a significant reduction in proportional nodule 
occupancy by indigenous rhizobia in the peat inoculated 
plots. However, the significance of the effect on nodule 
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Table 23: The effect of inoculant type on the mean soil pH 
and the presence of strains of R. trifol'ii in the 
soil, rhizosphére and nodule samples taken from 
the Glensaugh field experiment. Sample date = 
June 1982. Tnoculant treatment; S = sprayed 
inoculant, P = granular peat based inoculant. 
NS indicates that differences between meansv.were 
not significant. 
Populations as Log10 Nos. g 	air dried material. 





Mean pH 5.519 5.268 NS 
CL03-E To Nodules 8.00 6.83 NS 
Log10 Rhizosphere Nos g 1 8.033 7.661 NS 
Log10 Soil Nos g- 3.988 4.587 0.503 
CL25-S To Nodules 1 11.12 
21.63 6.91 
Log10 Rhizosphere Nos g 7.265 7.822 0.520 
Log 10  Soil Nos g' 4.867 5.091 NS 
CL56-K % Nodules 2.87 6.45 NS 
Log 10  Rhizosphere Nos g 
7.572 7.192 NS 
Log 10  Soil Nos g 1 5.021 
5.073 NS 
HP  % Nodules 1 2.73 2.87 NS Log10 Rhizosphere Nos g 6.297 6.098 NS 
Log 10  Soil Nos g 1 3.325 3.863 0.425 
Indigenous % Nodules 1 75.3 73.9 NS Log10 Rhizosphere Nos g 8.970 8.641 NS 
Log10 Soil Nos g 1 6.298 6.283 NS 
Total Log 10  Rhizosphere Nos g 
8.978 8.658 NS 
rhizobia Log 10  Soil Nos g 1 
6.302 6.293 NS 
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Tat1e 24; The effects of Inoculant type on the mean soil pH 
and the presence of strains of R. trif'olii in the 
soil, rhizospliëre and nodule samples taken from 
the Glensaugh field experiment. Sample date = 
October 1982. Inoculant treatment; S = sprayed, 
P = peat based. NS indicates differences are not 
significant. 
Strain 	 Measurement 
	
Inoculant Treatment LSD 
S 	P 	p<O.O5 
5.73 5.64 NS 
9.3 10.3 NS 
7.593 7.486 NS 
5.267 5.278 NS 
3.7 7.7 3.1 
6.382 6.780 NS 
4.729 5.098 NS 
2.33 6.67 2.45 
7.323 7.234 NS 
4.773 4.877 NS 
1.3 6.7 NS 
4.330 5.01 0.600 
3.569 4.031 0.263 
84.0 71.7 10.0 
8.496 8.559 NS 
7.015 7.032 NS 
8.654 8.652 NS 
7.067 7.069 NS 
Mean pH 
CL03-E % Nodules -1 Log 10  Rhizosphere Nos g Log 10  Soil Nos g 
CL25S % Nodules -1 Log 10  Rhizosphere Nos g Log 10  Soil Nos g -1- 
CL56-K % Nodules -1 Log 10  Rhizosphere Nos g Log 10  Soil Nos g 1 
HP  % Nodules -1 Log 10  Rhizosphere Nos g Log 10  Soil Nos g- 
Indigenous % Nodules -1 Log 10  Rhizosphere Nos g Log 10  Soil Nos g 
Total Log 10  Rhizosphere Nos g rhizObia Log 10  Soil Nos g 1 
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Table 25: The effects of inoculant type and the mean soil 
pH and extractable NH4, P, K and Al, and the 
presence of strains of R; trifo1ii in the soil, 
rhizosphere and nodule samples taken from the 
Glensaugh. field experiment. Sample date = May 
1983. Inoculant treatment; S = sprayed, P = peat 
based. NS indicates differences were not 
significant. 






Mean pH 5.90 6.06 NS 
Extractable NH4 mg/100 g 1.26 1.95 NS 
It 	 K mg/100 g 14.87 16.03 NS 
it 	 P mg/100 g 2.17 2.43 NS 
if 	 Al mg/100 g 5.69 5.60 NS 
CL03-E % Nodules 4.67 5.83 NS 
Log 10  Rhizosphere Nos g 7.223 7.156 NS Log10 Soil Nos g' 5.306 4.974 NS 
CL25.-S % Nodules 	 1 2.67 5.00 NS Log10 Rhizosphere Nos g 5.793 6.155 NS 
Log 10  Soil Nos g' 4.857 4.977 NS 
CL56-K % Nodules 	 1 3.33 5.67 NS Log10 Rhizosphere Nos g 6.425 5.973 NS 
Log10 Soil Nos g 1 5.109 4.964 NS 
HP  % Nodules 	 -1 1.33 1.83 NS Log10 Rhizosphere Nos g 4.978 5.339 0.309 
Log 10  Soil Nos g- ' 3.669 3.994 NS 
Indigenous % Nodules 87.7 81.7 NS 1 Log 10  Rhizosphere Nos g 8.343 8.325 NS Log 10  Soil Nos g 1 6.733 6.528 NS 
Total Log10 Rhizosphere Nos g 8.402 8.377 NS 
rhizobia Log10 Soil Nos g' 6.741 6.528 NS 
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occupancy by CL25-S was only evident in the limed plots 
(Table 26). 
Table 26: Relative nodule occupancy (percentage of total 
nodules studied) by CL25-S in October 1982 
showing the interaction of lime and inoculant 
treatments 
Inoculant Type Lime Levels % Nodules 
Spray Inoculant No lime 5.3 
Spray Inoculant 5 t ha 	applied 2.0 
Peat-based Inoculant No lime 3.0 
Peat-based Inoculant 5 t ha 	applied 12.0 
LSD (1zo*o) 6.2 
At this sample date (October 1982) the differences in 
the rhizosphere population of CL25-S, and in the soil 
population of CL03-E, had become insignificant. The soil 
population of HP  was still greater in the peat inoculated 
plots and the rhizosphere concentrations of this strain 
showed a similar difference in these samples. This 
increase in the rhizosphere population of HP 3)  where the 
peat-based inoculant was used, was also evident in the 
samples taken in May 1983 when it was the only comparison 
which showed a significant variation. 
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Table 27: Changes in the mean soil pH and the presence of 
rhizobia in the nodules, soil and rhizosphere 
(grand means) between the three sample dates in 
the Glensaugh field experiment. Soil and 
rhizosphere populations are expressed as Log10 
Nos per gram of air dried material. NS = no 
significant difference between compared means. 
Strain Measurement Sample date 
June '82 	Oct 82 May 83 
LSD 
p<O.O 
Mean pH 5.38 5.68 6.13 0.20 
CL03-E % Nodules 7.42 9.87 5.25 NS 
Log10 Rhizosphere Nos g 7.946 7.606 7.302 NS 
Log10 Soil Nos g- 4.351 5.323 5.293 0.44 
CL25-S % Nodules 1 16.37 5.02 3.83 4.44 Log10 Rhizosphere Nos g 7.612 6.806 6.289 0.33 
Log10 Soil Nos g' 5.012 5.234 5.078 NS 
CL56-K % Nodules 1 4.66 4.52 4.50 NS Log10 Rhizosphere Nos g 7.462 7.362 6.506 0.28 
Log10 Soil Nos g 1 5.099 4.911 5.144 NS 
HP  % Nodules -1 2.80 4.01 1.58 NS Log 10  Rhizosphere Nos g 6.207 5.067 5.366 0.29 Log10 Soil Nos g -1 3.641 3.995 4.063 0.28 
Indigenous % Nodules -1 69.58 78.43 84.67 10.83 Log10 Rhizosphere Nos g 8.747 8.611 8.334 0.34 
Log 10  Soil Nos g- 6.226 7.163 6.627 0.27 
Total Log10 Rhizosphere Nos g- 
1 
 8.913 8.706 8.451 0.37 
rhizobia Log10 Soil Nos g 1 6.308 7.214 6.723 0.20 
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Changes Over Time 
Table 27 shows changes with time in mean nodule 
occupancy and the mean populations in the soil and 
rhizosphere of the individual marked strains, total 
rI-iizobia and estimated indigenous rhizobia. 
In May 1983 indigenous strains occupied 15.09% more 
of the nodules than in June 1982. Most of this increase 
was matched by a corresponding, significant drop in the 
nodulation by CL25-S. 
This general reduction in the representation of 
marked strains in the nodules was also matched by a fall 
in rhizosphere populations which was significant for all 
the introduced strains except CL03-E. 
The total soil populations increased dramatically 
in October 1982 as did some of the components of this 
measurement (CL03-E, HP 3Y  indigenous rhizobia). However 
only the indigenous soil populations showed a significant 
decline again from October 1982 to May 1983. 
Mean soil pH increased significantly between every 
sample date, possibly due to the delayed influence of 
lime in half of the plots. 
Effects of Other Soil Factors 
Whilst monitoring the effects of lime and inoculant 
on the rhizobial populations it was noticed that there 
was considerable variation between blocks, for many 
measurements. The analysis of extractable soil ammonium, 
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phosphorus, potassium and aluminium (Appendix 12) showed 
that each factor was interrelated and there were distinct 
gradients across experimental blocks. These soil factors 
were all correlated with each other, but particularly 
there was a strong negative correlation between 
extractable phosphorus and aluminium. However the only 
consistent interaction with the rhizobia, was that the 
indigenous rhizobia appeared to be present in greater 
amounts in the rhizosphere as the extractable ammonium 
levels increased, in the soil. However even this 
relationship was only just significant at the 5% 
probability level. Therefore the measured constituents, 
when considered individually had little effect in 
determining the rhizobia concentrations and nodulat ion 
frequencies. 
e) Comparisons of Introduced Strains 
i) Relationships between different occurances of the 
same strain 
As previously indicated, by the analysis of 
inoculant effects, soil and rhizosphere populations of 
HP  were strongly correlated over the last two sampling 
dates. In fact the rhizosphere population of HP  in 
May 1983 was greatest in those sites which had previously 
contained the largest rhizosphere and soil populations of 
the same strain. Nodule occupancy at this date was also 
significantly related to the rhizosphere concentrations. 
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A similar effect was also noticed with. the strain 
CL25-S. Plots with greater rhizosphere populations at the 
first sample date appeared to produce increased soil 
populations in October 1982, which were also positively 
related to the rhizosphere populations at the same time. 
Areas with the highest CL25-S nodule occupancy also 
appeared to harbour the greatest soil populations of this 
strain in the final set of samples. Likewise nodule 
occupancy by CL25-S in May 1983 was related to it's 
rhizosphere populations in the same samples. 
Relationships between measurements involving the other 
two marked strains were less noticeable, and not as long 
lasting as with the above strains. With CL56-K, soil 
populations in October 1982 were correlated with nodule 
occupancy at the previous date. With CL03-E the major 
correlation was between rhizosphere concentrations in 
October 1982 and the soil populations in May 1983. 
ii) Comparisons between marked strains - correlations 
When correlation matrices were produced between the 
presence of marked strains in the same sample fractions 
at each sample date, no significant negative interactions 
were found. Generally speaking then, nodulation or growth 
and survival of each strain was functioning in a similar 
manner and no evidence of competitive exclusion of any 
strain was seen. However not all the strains in each 
fraction (nodules, rhizosphere or soil) were significantly 
correlated at every date, and the strain measurements 
that were least related to the others were; nodulation 
by CL03-E and HP 32  rhizosphere populations of CL03-E 
and CL56-K and soil populations of CL25-S. 
Competition for nodulation 
As there were approximately equal numbers of viable 
cells of each strain, applied throughout, in the original 
inoculum, the use of replacement series diagrams as an 
indication of competition for nodulation, is ruled out, 
even if changes in the rhizosphere or soil populations 
of paired strain comparisons were used to provide the 
input data. This is because, firstly, all strain per-
mutations plus the indigenous rhizobia were interacting 
in the competition for each infection site, and also the 
statistics behind calculating standard errors for the 
Er and CA  values (Chapter 4) only produce reasonable 
significance levels when the Log 10 input ratios are 
symetrical about zero (Viz. E x=0). For this reason, to 
produce an indication of relative competitiveness which 
goes further than merely listing strains by their relative 
nodule occupancy in the first year samples (which is the 
interpretation of competition used by Brockwell and 
Dudman, 1968 and Brockwell et al., 1982), the reasoning 
used by Marques-Pinto et al. (1974) was adapted. Their 
value for competition in tube assemblies is similar to 
that used by Amarger and Lobreau (1982) (CAB = Ci values 
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used in Chapter 4), except that the ratio of nodule 
occupancy was related to: the ratio of strains intimate 
with the root surface. Therefore to show competition in 
the Glensaugh samples, double Log 10  plots were produced 
for the ratio of each marked strain against the rest of 
the rhizobia, in the nodules and the rhizosphere. Soil 
concentration measurements were also substituted for 
rhizosphere data in the equation as Weaver and Frederick 
(1974) had found that with inoculation of Glycine max, 
a significant relationship existed between competition 
for nodulation and the number of soil rhizobia present. 
Thus competition for nodulation in Glensaugh plots 
(C),related to the rhizosphere (Cr) or soil (Cs) 
population; is based on the intercept with the y axis. 
Hence in the linear regression formula 
Y = a + bx 
where Y = Log10 Nodule occupancy by strain A 
Total nodules - strain A nodules 
=  og L 	Nos g- strain A in soil or rhizosphere x 	10 
Total Nos - strain A concentration 
a = Log10 Cr or Cs for strain A 
b = Gradient of fitted line 
and strain A represents each marked strain in turn. 
The values of the calculated competition indices 
where the fitted linear regression was significant 
(p < 0.05) are presented in Table 28. 
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Table 28: Relative indices of competition for nodulation 
by each marked strain with respect to the mean 
total soil populations (Cs) or mean total 
rhizbsphere populations (Cr) over the three 
sample dates in the Glensaugh field experiment. 
Strain Cs Log 10 Cs (a) 
+ 9% confidence 
Cr Log10 Cr (a) 
-I- 95% confidence 
limits limits 
CL03-E 0.02 -1.62 + 0.29 Regression not 
significant 
CL25-S 0.95 -0.02 + 0.34 0.68 -0.17 + 0.24 
CL56-K Regression not 0.02 -1.68 + 0.07 
significant 
HP  0.1 -0.99 + 0.16 0.08 -1.1 	+ 0.16 
Variation over time and between replicate plots, 
together with the effect of different inoculant treatments, 
resulted in two of the relationships proving to be non-
linear, and the others were only significant at the 5% 
probability level. Nevertheless, the values of competition 
for nodulation (equivalent to the nodule ratio when the 
marked strain in question formed 50% of the total soil or 
rhizosphere populations) for the same strain, when 
significant were statistically equivalent (i.e. Cs = Cr 
for CL25-S and HP 3 ). Therefore it can be stated that 
overall CL25-S was the most competitive strain for 
nodulation (with an estimated 957o nodule occupancy if it 
formed 50% of the soil population). HP  was also shown 
to be significantly more competitive than either CL03-E 
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or CL56..-SK which were probably equally poor competitors. In 
all the cases of significant regressions' the gradient was 
always less than unity (b<l) showing that the case of 
stable equilibrium existed for each population. 
) Saprophytic Competence 
As each strain's occurance in the three sample fractions 
'were generally interrelated, and the proportional nodule 
occupancy was related to the ratio of the nodulating strain 
to all potential competitors in the soil or rhizosphere, 
recurring nodulation would ultimately rely on the ability 
of that strain to survive in the soil. Saprophytic 
competence as defined earlier is not only a function of the 
strain's occurance in the soil away from the influence of 
the root, but also describes It's ability to maintain it's 
population or multiply there. To be able to compare the 
ability of introduced strains to adapt to the prevailing 
conditions, some indication of their surviving concentrations 
and the rate of change of the soil populations must be 
produced. Care must also be taken not to confuse signifi-
cant changes with general variation in numbers, and so the 
concentration of, or changes in, the total soil population 
should also be considered. Two such relationships were 
produced pertaining to the overall changes in each strain's 
representation in the soil fraction, between the first and 
last sample dates (changes in populations shown in 
Appendix 11). 
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The first of these can he termed a survival constant 
(k) and is produced from the relationship discovered by 
Crozat, Cleyet-Marel, Giraud and Obaton (1982) for survival 
of R. japonicum in French soils. Essentially any soil has 
a finite carrying capacity, for any soil organism. 
Competition between rhizobia for space and nutrients, and 
also with other soil organisms, will, in the long term, 
cause the rhizobial population to reach an asymptotic 
value depending on the soil and the degree of adaptation 
(saprophytic competence) of that organism to the prevailing 
conditions. Consequently at any point in time survival 
and changes in population density will depend on the numbers 
of rhizobia present and the difference between this and the 
maximum possible at that time. If it is assumed that, 
under the conditions' operating in the Glensaugh experimental 
plots, the total Rhizobium concentration recorded is the 
maximum possible (asymptote) at that time, and that 
multiplication of any' one strain up to this value is 
possible, then each strain's kinetic formula is in the form 
of the logistic curve. 
dY 
- kY (.Y-.M) 	 (Crozat et al., 1982) 
dt 
where Y = Log10 number of rhizobia per gram of soil 
M = Asymptotic (maximum) value 
k = Survival constant 
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In the case of the G1enaugh samples the concentration 
of each marked strain is always less than the asymptote for 
the total population so that the expression can, be 
rearranged as: 
dY 
- = kY (M-Y) 
dt 
so that positive values of k indicate an increase with 
time and negative values, a net decrease. Hence for 
populations of each of the marked strains changing between 
June. 1982 (Y1 ) and May 1983 (Y 3 ); 
Y 3 - Y 1 = k Y 1  (M1-Y1) 
where M is the total Rhizobium population in June 1982 
and k Is the survival constant operating on strain Y (any 
one marked strain) in the samples collected on that date. 
Thus the survival constant is: 
Y3 -Y1 
Y1 	- Y1 ) 
Unfortunately the soil population is not a closed unit 
but is subject to recruitment of rhizobia from surrounding 
host plants, and so the maximum concentration can also 
change between sample dates due to growth of nearby roots. 
For this reason a further indication of saprophytic 
competence was produced from the same data, to be used in 
association with the survival constant (k). This measure 
154 
assumes that the better adapted of the introduced strains 
would behave similarly to: the naturalised indigenous strains 
and thus exert a greater influence on the total population. 
Changes over time in the total population would therefore 
be more likely reflected in changes in the population of 
the most adapted strain. The term 'proportionally adaptive 
change' (Pac) can be used to describe such a change in the 
populations of each strain, expressed as a percentage of 
the change in total soil concentrations. 
Using the same notations as for the kinetic formula: 
Pac = 100 x (Antilog
10 Y3 - Antilog10 Y1 ) 
(Antilog10 M3 - Antilog10 M1 ) 
Table 29 shows the mean k and Pac values for each 
marked strain, over the period of the Glensaugh 
experiment, and the significance of differences between 
strains after analysis of variance. 
Refering back to Table 27 (changes with time) it can 
be seen that throughout the course of this experiment, the 
soil and rhizosphere populations of HP 3 , were significantly 
less than those of the other marked strains. However the 
soil population of HP  increased significantly between the 
first and last sample dates. This indicates that the 
initial establishment of this strain was poor, but never -
theless, those cells that survived were well adapted to the 
prevailing conditions in the soil. This is reflected in the 
fact that despite being present in much smaller concentrations, 
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Table 29. Relative saprophytic competence of strains of 
R, trifo1'ii introduced into a Scottish hill 
soil (Glensaugh field experiment) expressed as 
mean values for survival constants (k) or 
proportionally adaptive changes (Pac) for soil 
populations between June 1982 and May 1983. 
Strain 	 Mean k value 	 Mean Pac value 
CL03-E 0.108 5.97 
CL25-S 0.012 0.39 
CL56-K 0.002 0.04 
HP  0.044 0.64 
LSD (p<O.OS) 	 0.043 	 2.50 
the two measures of saprophytic competence (Table 29, 
k and Pac values) show that it is.. not any less adapted. 
to survive in the soil, than strains CL25-S and CL56-K. 
Indeed the k values are almost significantly different, 
with HP 3 possessing the greater of the three constants. 
This is because, when k=0 no change in the measured 
population is taking place, whereas HP  had increased 
significantly and thus k>0. Strain CL03-E was obviously 
the best adapted strain of the four, as not only had it 
increased significantly from the first sample date, but 
it was also the most numerous in October 1982 and May 1983. 
This is also shown by the two measures in Table 29 where 
the k and Pac values for CL03-E were significantly greater 
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than all the other marked strains, and Pac for this strain 
shows that the increase 'in CL03-E soil concentrations 
accounted for approximately 607o of the total increase 
between the first and last samples. 
CL25-S and CL56-K appear to have established a stable 
population density early on in the experiment. Also as 
the k-values for these two strains are not significantly 
greater than zero, the implication is that, any increase 
above this stable density, towards the theoretical maximum 
(asymptote) could only occur if there was a matching fall 
in the concentrations of other -marked or indigenous 
strains. 
3) DIscussion 
Nodule occupancy' of marked strains introduced into a 
field site has been used in the past, as a measure of both 
the competitiveness and persistence of these strains 
(Brockwell and Dudman, 1968; Brockwell et al., 1982; 
Chatel and Parker, 1973b; Dudman and Brockwell, 1968; 
Gibson et al., 1976; Pankhurst and Greenwood, 1983). In 
these published accounts competition was defined as the 
extent of nodulation which occured in the first year 
after inoculation, and persistence as nodule occupancy 
in subsequent years. In this thesis no such distinction, 
between noclulation at different dates, was made, as it 
was considered that the occurance of any strain in any 
nodule, results from competition between all the rhizobia 
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present, for that particular infection site. Persistence 
of a strain was recognised as a function of survival or 
multiplication in the soil and rhizosphere as also noted 
by Date (1976). 
For continued nodulation by introduced strains, the 
inoculum, must not only be able to nodulate the host, but 
also establish a large stable soil population (.Chatel et 
al., 1968), which is capable of rapid colonisation of the 
host rhizosphere (Parker et al., 1977). Variations in 
nodule success due to variable survival of introduced 
strains, were recorded by Ikram and Broughton (1980) with 
a tropical legume. Also, although Amarger (1974) found a 
linear relationship between numbers of nodules formed by 
introduced strains and the Log of the number of added 
bacteria, Weaver and Frederick (.1974) with experiments on 
Glycine max, found that total nodule numbers were not 
increased when soils contained more than 1000 rhizobia 
per gram. Brockwell (1980) therefore concluded that some 
preliminary estimate of likely competition can be obtained 
by enumeration of the soil population. 
Competition for nodulation during this present work 
was monitored throughout the experimental period, as the 
ratio of the marked strain being studied, to all the others 
in the nodules, related to the same ratio in the soil or 
rhizosphere. This showed that CL25-S was the most 
competitive strain, and expressing all the introduced 
strains in ranked order of competitiveness, this shows 
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that; 
CL25-S > HP > CL03-E = CL56-K 
(where = indicates that the differences between strains 
were not significant, p<0.05). 
Although nodulation was loosely related to the ex-
planta populations, this raeiting of competitiveness differed 
remarkably from the compared measures of saprophytic 
competence. Both the measures (survival constant - k; 
proportional adaptive change - Pac) showed that CL03-E 
was the strain best adapted to survive and multiply in the 
soil. Thus in ranked order of saprophytic competence: 
(where = indicates no significant difference, p<0.05) 
CL03-E > HP  = CL25-S = CL56-K 
The difference in the survival constants (k) of HP  and 
CL56-K were almost significant at the 5% probability level. 
There is thus no simple relationship between competition 
for nodulation and the differential ability of strains 
to survive in the soil; an observation also made by 
Vincent and Waters (1954). A similar conclusion was also 
reached by Labandera and Vincent (1975) when comparing 
competition between an introduced strain and native 
Uruguayan strains of R. trifolii. When introduced to 
Trifolium polymorphum the commercial strain TA1 was shown 
to have the greatest intrinsic nodulating competitiveness 
but this was to some extent offset by it's poor colonisation 
of the root surface, where it could be outgrown by the 
native rhizobia. 
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Stimulation of rhizobia in the rhizos.pliere of their 
host legume has been widely reported and is comprehensively 
reviewed by Parker et al. (1977). Nutman and Ross (1970) 
noted that growth. and multiplication of rhizobia may be 
1O4 times greater in the rhizosphere than in the soil, but 
during the course of the Glensaugh experiment the general 
comparison in total rhizobia numbers revealed only a 30-
400 times difference in concentration between soil and 
rhizosphere populations. The population increases that 
were recorded over time may not entirely be due to 
multiplication in the soil. Bushby (1981b) recorded a 
general increase in soil and rhizosphere populations of 
rhizobia associated with Vigna mungo roots, but soil 
numbers also increased after plant senescence and root 
decay. Similarly Paau, Bloch and Brill (1982) showed that 
rhizobia are released from decaying alfalfa nodules, but 
these appeared tobeviable cells from within the persistent 
infection threads, rather than bacteroids which were 
degraded during nodule senescence. The possibility that 
the Glensaugh soil populations of marked strains, were 
subject to recruitment from senescent nodules was supported 
by the fact that nodulation by CL56-K in June 1982 was 
possitively correlated with soil concentrations of this 
strain in October 1982. Likewise the soil populations of 
CL25-.S in May 1983 were significantly correlated with its 
nodule occupancy in samples collected on the previous date. 
This is in contrast though, to the findings of Chatel and 
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Parker (1973b) who found that differences in the 
colonisation of both-root and soil by R. trifolii in the 
first year were reflected in nodulation rates in the 
second year of their survey. 
The strain HP  was always present in significantly 
smaller concentrations in both the soil and rhizosphere 
than the other three marked strains. This could possibly 
be due to greater mortality of this strain during the 
early establishment period for the inoculum. Both 
Bushby (1981b) and Lowther (1975) have shown that the 
number of viable rhizobia inoculated onto seeds declines 
rapidly until the plant has germinated. HP  may therefore 
be more susceptible to adverse factors affecting the 
rhizobia during this period. Such factors may be 
diffusable toxins from the seed coat (Hale, 1977; Hale and 
Manthers, 1977; Young and Paterson, 1980) or desiccation 
(Engin and Sprent, 1973; Osa-Afiana and Alexander, 1982; 
Pena-Cabriales and Alexander, 1979). Interactions with 
other soil microbes have also been shown to adversely 
affect rhizobial populations (Evans, Barnett and Vincent, 
1979; Osa-Afiana and Alexander, 1979; Pugashetti, Angle and 
Wagner, 1982; Trinick and Parker, 1982). 
Very few treatment effects, evident in the Glensaugh 
experiment, were due to liming although a number of 
negative correlations occured between measurements of 
marked strains and soil pH. This lack of response may be 
due to the choice of experimental area as a previously 
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improved soil which possessed a relatively high pH for a 
peaty podzol. Many of the published accounts where liming 
was beneficial to nodulation have involved lime pelleting 
of the seed (Gaur and Lowther, 1982a,b; Lowther, 1974; 
Lowther and Johnstone, 1979) or when acid soils were being 
used (jones, 1966; 	- 	 . 	; Lowther, 1980). 
On the other hand, Lowther (1974) also showed that in areas 
where the pH was 6.2 or greater liming actually depressed 
growth of white clover. The pH of the Glensaugh plots was 
shown to relate to the other soil factors measured in the 
third set of samples. Although all were shown to produce 
a concentration gradient across blocks, neither of these 
measurements was solely responsible for any significant 
variation in rhizobial concentrations of marked strains 
or their nodulation. This is probably because the levels 
recorded here of either, extractable NH, K, P or Al, for 
these soils are not considered as problematic for clover 
growth under Scottish conditions (Rangeley, 1980; Sheppard, 
1980). 
The treatment which had the major effect on the 
introduced strains in the Glensaugh experiment, particularly 
within the first year (1982), was the type of inoculant 
used. Application of the peat-based inoculant to the seed 
and over the plots, was superior in promoting the 
establishment and nodulation of the marked strains, 
compared to application by spraying. Similar conclusions 
were made by Brockwell and Dudman (1968) when applying 
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broth and peat inoculants to the seed. This may be due 
to a greater loss of viability of liquid inoculants made 
from broth cultures- (-Gault, Chase and Brockwell, 1982). 
Burton (1976) expressed the opinion that generally, 
properly prepared peat based inoculants are superior to 
other forms. However contrasting results were produced 
by Pankhurst and Greenwood (1983), and so inoculant use 
should be matched to the prevailing conditions and soil 
types. Also, perhaps the most convincing evidence to 
date, of the potential benefits of clover inoculation 
under UK upland conditions, was produced using a liquid 
form as a post-emergence spray inoculant (Young and 
Mytton, 1980, 1983). The method of inoculation has also 
been shown to influence the position of nodules on the 
root (Chamber and Montes, 1982) and so may influence 
competition. Even so it would appear from the Glensaugh 
results that such an influence is short lived and generally 





Considering all the experiments together, the 
results have shown that strains of Rhizobium trifolii, 
known to respond differently in qualitative and quantitative 
tests, also show differences in nodulating competitiveness. 
The differences in overall competitiveness in a. field 
experiment to some extent reflected the differences 
observed under controlled laboratory conditions. In order 
to further elucidate possible mechanisms controlling 
competition for nodulation of white clover by R. trifolii 
it is perhaps pertinent at this point to summarise the 
relevant findings. 
1) 	The use of rhizobia characteristics in the selection 
of strains for competition experiments 
Isolates of R. trifolii were originally obtained 
from a range of hill soils, in order to provide a culture 
collection from which strains, could. be selected for use 
in competition experiments. A large variation in isolates 
was observed as shown by the number of fingerprint 
patterns produced in response to low concentrations of 
antibiotics. Twelve strains were selected as being 
representative of the more common fingerprint patterns, 
and were compared in a number of tests with four standard 
strains. Stable strain diversity was exhibited in 
intrinsic antibiotic resistances, antigenic reactions, 
growth rates, and symbiotic properties, with the majority 
of the Cleish strains being ineffective in symbiosis 
with the white clover cultivar New Zealand Grasslands 
Huia (NZGH). Groupings based on fingerprints were also 
shown to be similar to serogrouping based on gel-immune 
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diffusion tests. Data obtained from fingerprinting, 
serogrouping, growth rates and measures of symbiotic 
effectiveness, were used to provide an overall similarity 
matrix to show strain relatedness. From information 
produced by this matrix dissimilar strains were selected 
for further experiments. 
It was thought that dissimilar strains might show 
differences in competitive ability. The final choice 
of strains for competition experiments, was also based 
on attributes which were thought to possibly convey a 
selective advantage. Such attributes were; the ability 
to grow rapidly in broth'culture (as exhibited by CL25), 
the ability to form an effective symbiosis with the white 
clover cultivar NZGH (CL56 and the standard comparison 
strain P3) and wide representation among the original 
Cleish isolates (CL03). Both P3 and CL56 formed 
significantly larger nodules, on average, than either 
CL03 or CL25. Competition experiments were performed 
using spontaneous antibiotic resistant mutants of the 
above four strains. 
2) 	Summary of experimental observations concerned 
with Rhizobium competitiveness 
Competition for nodulation in enclosed assemblies, 
and in the Glensaugh field experiment, was dependent 
on the ratio of the strain being assessed and its 
competitors, and was unrelated to the effectiveness of 
that strain with the host plant. 
Competition for nodulation appeared to be unrelated 
to changes in population densities in the filter paper 
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wick assembly or in the soil. However the ranking of the 
strains in order of their nodulating competitiveness, 
was remarkably similar between the two experimental sets 
(enclosed tube, and field experiments) and with the 
ranked order of growth rates of the parent strains, in broth 
culture. Thus where = denotes that the differences between 
two mean values were insignificant (p 	0.05): 
ranking in enclosed experiments CL25 -S>Hp3=CL03-E=CL56-K 
ranking in the field experiment CL25-S>Hp3>CL03-E=CL56-K 
ranking of growth rates (parent strains only), CL25> P3 
= CL56 = CL03 
but p3> CL03. 
In contrast, the ranked order of saprophytic competence, 
determined by overall multiplication and survival in the 
Glensaugh soil samples was: CL03>HP3 = CL25-S = CL56-K, 
but when considering the survival constants (k-values) 
those for HP3 were almost significantly greater than those 
for CL56-K. 
In the bacteriologically controlled experiments the 
competition indices, of which the equilibrium ratio (Er-
value) was considered the most realistic measure, were in-
significantly affected by varying the nutrient solution pH, 
growth temperature or host genotype. Field situations 
however showed complex interactions between pH and some 
extractable soil constituents (NH 4+, P, K, Al) and the 
cumulative effects of these factors may explain some of the 
between-block variations in rhizobial measurements (soil 
and rhizosphere. populations and nodule occupancy by each strain). 
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However neither of the four measured soil constituents 
(NH4 + , P, K and Al) was singly responsible for any 
significant variation in the rhizobia.l measurements and 
the effects of soil pH were inconsistent over time. 
This latter inconsistency could possibly be due to the 
fact that the effects of the lime treatment were largely 
insignificant which may be partly due to the choice of 
experimental area being in a previously improved hill site. 
Regarding the effect of varying host genotype, in the 
controlled experiment only stolon clones from a single 
cultivar were used, and although there were significant 
differences between the mean total number of nodules 
produced, the ratios of strains occupying those nodules 
were unchanged. However varying the cultivar may affect 
the competitive success of the different strains. This was 
indicated by the fact that. frequencies of strain 
representation in the nodules, extracted from the naturalised 
white clover, in the original Cleish samples were different 
from those isolated from the test plants (cv NZGH). 
The experimental procedure that radically altered 
the outcome of competition for nodulation, between dual 
strain populations in an enclosed assembly,was the 
priming of the young root with a small single-strain 
inoculuin 72 hours prior to the main double inoculation. 
In the field experiment, nodulation by introduced strains, 
particularly CL25-S and CL56-K, was encouraged by the 
use of the peat based inoculant. In both experiments (spot 
inoculation/priming experiment and the field experiment) 
the rhizobia benefitting from the inoculation methods 
employed would be in intimate contact with the young 
developing root. It would therefore appear that early, 
rapid colonisation of the young root surfaces is essential 
for a successful strain, when competing against other 
rhizobia .for nodulation. 
It is clear from the results that nodulating 
competitiveness is a trait intrinsic to each strain of 
R. trifolii irrespective of its ability to form an 
effective relationship with white clover. By increasing 
the ability of an ineffective strain to compete for 
nodulation with an effective strain the subsequent effect 
could be deleterious to the host, e.g. dry matter 
production was reduced when nodulation by CL03 increased. 
3) 	Mechanisms associated with competition for nodulation 
The observed differences in nodulating competitiveness 
between strains of R.- trifolii probably reflect differences 
in their ability to colonise and attach to new infection 
sites. Colonisation of the root surface, movement and 
growth along the root, and host-microsyrnbiont recognition 
processes, probably all play an important role. The 
Glensaugh experiment showed that in the second year (1983), 
the beneficial effects of the peat based inoculant on 
nodule occupancy and rhizosphere populations of marked 
strains had disappeared, and so as time progresses the 
survival of rhizobia in the soil would play an increasingly 
important role in competition for nodulation. 
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Parker (1957) considered the legume - Rhizobium 
symbiosis to have evolved from loose associations between 
plant roots and free-living N2 -fixing bacteria. Thus if 
the results presented in this thesis are to be used in 
elucidating the mechanisms associated with competition 
for nodulation, a consideration of the ex-planta ecology 
of rhizobia must be made. 
Changes in the life histories of rhizobial populations 
can be regarded as being the result of selective forces 
determining adaptation to particular environmental constraints.. 
The terms r-, and K- selection were coined by MacArthur 
and Wilson (1967) and have recently been employed to 
describe the ecology of soil borne plant pathogens 
(Andrews, 1983; Bowen, 1980; Newman, 1978). Essentially 
r- selection is the tendency to lead to high productivity, 
and K-selective forces lead to efficiency in the use of 
available resources and the tendency to channel available 
energy into maintenance of the individual, and the production 
of a few extremely fit offspring (Pianka, 1970). 
In the case of populations of R. trifolii, the position 
on an r-K continuum changes depending on. the proximity 
of the host, the time from inoculation and the type of 
inoculant use. Typical life history strategies of a 
population of R. trifolii in a hypotheticalcase are 
presented in Table 30. The information summarised here 
has been taken from Brockwell (1977), Coleman, Reid and 
Cole (1983) , Crozat et al (1982) , Gray and Williams (1971) 
Lynch (1983), Newman and Bowen (1974), Newman and Watson 
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Table 30: Generalised life history strategies of 
Rhizobium trifolii inoculated into a 
hypothetical soil, supporting white clover 
Rhizobium 	 Selective 	Life history 



















possible with poor 
recovery 
K-selection 
Growth on micro-scale r-selection, tends 
may be rapid for a 	rapidly to K- 
few generations but selection 
then ceases when 
available nutrients 
are exhausted 
Rhizosphere 	 Rapid colonisation 	.r-selected 
populations Rapid multiplication 
near root tips. 	due to exudate 
utilisation 
Rapid recovery from 
catastrophes 
Older root 	 Competition with 	K-selected 





Rhizobia can rapidly r-selected 
colonise new lateral 
roots : opportunism 
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(1977), Parker et al (1977), Rovira, Newman, Bowen and 
Canibell (1974), Salema et al (1982) and Sprent (1979). 
These life history strategies show how a strain of 
R. trifolii can maximise its ecological fitness in response 
to a particular environmental constraint. The differences 
between strains in competition for nodulation and saprophytic 
competence show that strains may react or adapt differently. 
The strain CL25 (parent strain of CL25-S) was the fastest 
grower under ideal conditions and thus may be regarded 
as the most r-selected overall. On the other hand CL03-E 
was the most saprophytically competent of the four mutants 
and so may be regarded as more K-selected than the other 
three. In order to visualise where and how competition 
might occur, a diagram of possible areas for strain 
interactions is presented in Fig. 18. 
Fig. 18 shows the five major areas, based on the 
earlier literature review (chapter 1), where competition 
between strains could result in differential nodulation success. 
The results produced can now be used to mdi cate the 
importance of strain interactions in each of these areas 
in determining the nodulation success of any particular 
strain. 
1) 	Non-rhizosphere soil 
The ratio of strains in the Glensaugh soil was related 
to the ratio of strains in the nodules from the same samples. 
As an analogy of this, considering the enclosed assemblies 
competition for nodulation was related.to the ratio of 






Fig. 18: Hypothetical clover root in a soil, showing possible major 
areas for competition amongst strains of Rhizobium trifolii 
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S. 
= Non-rhizosphere soil: increased survival or s.aprophytic 
competence may increase competitiveness. 
= Invasion of rhizosphere: increased motility in the soil or 
chemotaxis may increase competitiveness. 
= Rhizosphere: increased growth rates and motility may increase 
competition. 
= Root hairs: attachment and infection processes occur, increased 
compatability with host may increase competition. 
Zone of elongation: continued association or rapid growth may 
increase competition. 
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Rhizobium populations in the soil, or filter paper wick 
assembly did not affect the proportional nodulation by 
competing strains. Hence it is unlikely that the controlling 
influences on the nodulation successes by competing 
strains occur in this area. It is more likely that in the 
non-rhizosphere soil, the ability to survive determines 
the persistence of different strains, and only in the long 
term would this be reflected in increased nodulation by 
the more saprophytically competent strains. 
2) 	Invasion of the rhizosphere 
Active chemotoxis of rhizobia in a soil has yet to be 
demonstrated (Sprent, 1979) and so incursion into the 
rhizosphere is probably a chance event. This is supported 
by the results of Madsen and Alexander (.1982) showing 
that movement of Rhizobium through soil could only be 
detected in the presence of earthworms or percolating water. 
If nodulating competitiveness was determined by each strain's 
ability to invade the rhizosphere there would be consistent 
positive relationships between the concentrations of 
each strain in the soil and the number of nodules 
occupied by each strain at the same time. This did not 
occur in the Glensaugh experiment. Nevertheless, 
over time, the chance of a random meeting between a growing 
root and a soil colony of a particular strain, would 
increase for the most saprophytically competent strains. 
Thus colonisation of the rhizosphere probably relies more 
on the growth of the root with only minute distances being 
travelled by mobile rhizobia. 
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The rhizosphere 
As with the Glensaugh soil populations, competition 
for nodulation was related to the ratios of competing. 
strains in the rhizosphere. There were also a number of 
positive correlations recorded between nodule occupancy 
and rhizosphere concentrations of the same strain in the 
Glensaugh samples. As the ranking orders of nodulating 
competitiveness and growth rates were similar it would 
appear that differences in growth in the rhizosphere, 
between strains are largely responsible for differences 
in intrinsic competitiveness for nodulation. Other 
factors are probably also involved, as the replacement 
series diagrams produced for dual strain competitiveness, 
showed that each population tended to reach a stable 
equilibrium in enclosed assemblies. Specific interactions 
between strains of rhizobia, and between the rhizobia 
and host in particular zones in the rhizosphere are probably 
responsible for the differential nodulation success of 
each strain, in competition with others. 
Root-hair zone 
Infection of clover roots by R. trifolii occurs via 
the root hairs. In this zone complex interactions occur 
between the host and microsymbiont which probably involve 
the specific binding of plant lectins by infecting 
rhizobia (Bhagwat and Thomas, 1980; Dazzo and Brill, 
1977; Dazzo and Hubbell, 1973a; Stacey, Paau and Brill, 
1980; Tsien and Schmidt, 1981). However other interactions 
may also be involved (Dazzo and Hubbell, 1975b; Law and 
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Strijdom, 1977), and attachment to root hairs only occurs 
during a transitory period of time (Dazzo, Urbano and 
Brill, 1979). Differences in competitive ability could 
reflect numerical differences between strains in this 
zone or differences in the homology with the host, i.e. 
a strain is more competitive because it is selected by 
the host (attachment or recognition is more specific 
for competitive strains). No direct evidence was provided 
by the results to support either alternative, but the 
former is possibly the more likely. This is because 
although different clones of plants allowed the production 
of different numbers of nodules no differences were 
observed between clones regarding the proportional strain 
occupancy of those nodules. Similarly despite reports 
to the contrary white clover plants did not preferentially 
select the most effective strain from a mixed inoculum. 
Also the greater intrinsic competitiveness exhibited 
by CL25-S could be negated by priming the young radicle 
with a less competitive strain. 
5) 	Zone of elongation 
Multiplication of rhizobia is known to be stimulated 
by root exudates from the host legume (Parker et al, 
1977) and the zone of elongation is probably the area of 
maximum exudation (Rovira, Foster and Martin, 1979) 
Dazzo, Truchet, Sherwood, Hrabak and Gardiol (1982) have 
also shown that constituents in the clover root exudates 
alter the Rhizobium capsule leading to polar binding of 
a lectin. Thus it would appear that the zone of 
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elongation is the prime candidate for the major site of 
competitive interactions which ultimately lead to 
differential attachment to infection sites in the root 
hair zone, by competing strains. The fact that the peat-
based inoculum, coating the seed, encouraged nodulation 
by the inoculum strains for up to one year, and the effect 
of the radicle priming treatment lasted throughout the 
course of the experiment (nodulation throughout the root 
system was affected) indicate that continued intimate 
association with the developing section of the root is 
important in successful nodulation. This may occur by 
differential growth or movement of the competing strains, 
in association with the growing root, resulting in a 
competitive advantage for the most common strain, present 
in the area of. transitory appearance of infectable root 
cells. 
An alternative hypothesis was published while this 
chapter was in production, to explain results similar 
to those produced by the spot inoculation/priming 
experiment (chapter 5). Kosslak, Bohlool, Dowdie and 
Sadowsky (1983)*, suggest that the nodulating advantage 
for any strain to which a soybean radicle was pre-exposed, 
highlights the role of the host in determining the outcome 
of competition amongst strains of R. japonicum. Thus 
whether the effect of such pre-exposure to a single strain 
results in the programming of the plant to preferentially 
*This paper is cited in an addendum to the reference section 
at the end of this thesis. 
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accept the priming strain as inferred by Kosslak et al 
(1983) , or whether the effect is the result of a 
continued intimate association with the developing root, 
requires further study. 
Future Prospects 
An ideal inoculum strain would be one which was 
highly 'effective with its host, was highly competitive 
in nodulation, and could survive as a large soil 
population in the absence of a suitable host. The 
results have shown that it is possible to select a 
saprophytically competent strain, or a competitive 
strain, from a manageable sized survey of indigenous 
populations. Unfortunately the selection of new, improved 
inoculum strains, in such a random manner would be an 
extremely lengthy process, and in the majority of cases, 
probably a fruitless one. The need arises therefore, 
for the genetic improvement of strains, selected for their 
competitiveness in forming nodules with the desired host, 
or their ability to survive under adverse edaphic 
or climatic conditions. 
Immunefluorescent techniques have been used to 
observe R. trifolii cells in a heat-fixed state (Dazzo 
et al, 1982) and 'in nodule sections 	 (Jones 
and Russell, 1972). If these techniques could be used 
to monitor the progress of two or more antigenically 
dissimilarstrains,: competing in situ for nodulation, 
the major mechanisms conferring competitiveness might 
be resolved and the time scale for screening of this 
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speciality could be shortened. Initially though in 
the early developmental stages, further priming experiments 
(e.g. chapter 4, section 7) , over a shorter range of time 
differentials should be carried out. Attempts to correlate 
the competitiveness of strains with the transitory 
Trifoijin A binding capabilities, as observed by 
Dazzo et al. (1982) should also be made. 
Improvement of inoculum strains must ultimately 
rest with the rhizobial geneticists. Plasmid-mediated control 
of nodulation and effectiveness in R. trifolii has been 
demonstrated by Dunican, O'Gara and Tierney (1976) , Hooykaas, 
Van Brussel, Den Dulk-Ras, Van Slogteren and Schilperoort 
(1981), and by Zurkowski and Lorkiewicz (1979) amongst 
others. Further demonstrations of host specificity and 
effectiveness being coded for on transmissable plasmids, 
were, produced by Brewin, Beringer and Johnston (1980), 
and by Beynon, Beringer and Johnston (1980). Transfer 
of bacteriocinogeny was also recorded by Hirsch, Van 
Montague, Johnston, Brewin and Schell (1981), and 
Al-Doori (1982) found that the Edinburgh effective 
strain, P3, (parent strain of HP3., usin experiments 
reported in chapters 4 and 5 of this thesis) possessed 
one single large plasmid which was transfer&te at a rate 
of 1 xlj6 per recipient. It therefore appears theoretically 
possible that after selection of an ineffective strain 
of high intrinsic competitiveness (such as CL25-S), its 
effectiveness with a chosen host may be improved genetically, 
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Such improvements however would be meaningless without 
correct use of inoculants, and further research is necessary 
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Appendix 1: Single linkage clusters at 95% similarity level of the 
original Cleish isolates. 
Sample Fraction Isolate numbers 
Site C nodules I - 12 
Site D nodules 13 - 30 
Site E nodules 31 - 	 51 
Site A soil 52 - 71 
Site B soil 72 - 97 
Site C soil 98 - 149 
Site D soil 150 - 198 
Site E soil 199 - 252 
Hierarchical clusters 95% similarity. 


























Appendix 1: continued. 
Similar Isolates 	 Strain designation 
181,187 	 - 
192,250 - 
193,251 	 - 
197,198 - 
202,207,252 	 - 
205,247 	 - 
206,208 - 
211,242 	 - 
212,213 - 
214,244 	 - 
219,225 - 
222,226 	 - 
227,228 - 
229,231 	 - 
230,237,239 	 - 
233,234 	 - 
236,241 - 
Isolates ungrouped at 95% similarity level 
5,7,8,10,11,16,30,43,44,45,46,47,50,57,65,67,69,72,75,79,81,84,88,89, 
96,106, 107, 108,109, 110, 111, 112, 113,114, 115, 116, 120, 127, 131, 132,139, 
141, 142, 144, 148,162, 164,165,172, 175, 176, 177,179,180, 183,194 ,195,196 
201,203,215,232. 
Appendix 2: Finger print similarity matrix based on the mode reaction of sixteen strains of R. trifolii to 




CLI2 50.0 44.4 
CL2I 38.9 33.3 27.8 
CL24 55.6 55.6 44.4 66.7 
CL25 55.6 50.0 38.9 38.9 66.7 
CL27 50.0 55.6 55.6 55.6 83.3 66.7 
CL33 61.1 55.6 38.9 55.6 61.1 44.4 44.4 
CL35 44.4 55.6 50.0 55.6 83.3 61.1 72.2 55.6 
CL56 33.3 38.9 33.3 33.3 44.4 55.6 44.4 50.0 50.0 
CL66 50.0 61.1 44.4 66.7 88.9 61.1 83.3 55.6 77.8 38.9 
CL96 36.9 50.0 27.8 61.1 72.2 55.6 61.1 44.4 66.7 22.2 66.7 
P3 16.7 16.7 33.3 22.2 22.2 22.2 27.8 5.6 33.3 38.9 22.2 16.7 
FAG 27.8 33.3 11.1 11.1 27.6 16.7 22.2 27.8 38.9 22.2 27.8 27.8 44.4 
G2 38.9 44.4 27.8 44.4 44.4 38.9 44.4 50.0 38.9 44.4 44.4 33.3 11.1 	16.7 
TAI 38.9 50.0 22.2 50.0 50.0 61.1 44.4 44.4 61.1 44.4 50.0 55.6 11.1 	16.7 	44.4 
CL03 CLID CLI2 CL2I 0L24 CL25 CL27 CL33 CL35 CL56 CL66 CL96 P3 	FA6 	• G2 	TRI 
0 
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Appendix 3: Ranked mean generation times for 16 strains of R. tri-Folii 
grown at 30 0C in YM broth. 
Strain Mean Generation Time (hours) 95%-Confidence Limits 
CL25 2.77 ± 	0.51 
CL12 3.45 ± 0.58 
CL24 3.49 ± 0.36 
CL66 3.50 ± 0.89 
P3 3.53 ± 0.43 
CL27 3.68 ± 0.81 
CL56 3.80 ± 	1.15 
FA6 3.93 ± 0.43 
CLIO 4.00 ± 0.58 
CL96 4.16 ± 	0.51 
TAI 4.39 ± 0.48 
CL03 4.73 ± 0.46 
CL33 4.88 ± 1.65 
CL35 4.99 ± 0.78 
CL2I 7.90 ± 2.68 
G2 8.59 ± 1.82 
Offlerz 
Appendix 4: Mean shoot dry weight per plant, for the 16 strains of 
R. trifolii, and mean number of nodules produced by each 
strain in association with white clover c.v. NZGH grown 
for 604(subsequent to inoculation) in the filter paper 
wick assembly. 
N.B. Means of Log transformed data given in brackets. 
Strain Mean shoot dry weight 
(mg/plant) 
Mean number of nodules 
Uninoculated 4.4 (1.29) - 
CL03 14.3 (2.11) 10.84 (2.29) 
OL10 18.3 (2.37) 11.33 (2.00) 
CLI2 18.2 (2.58) 11.59 (2.19) 
CL2I 36.6 (3.27) 9.21 (2.08) 
CL24 5.1 (1.49) 12.95 (2.32) 
0L25 5.7 (1.47) 8.02 (1.80) 
CL27 3.6 (1.23) 9.62 (1.66) 
CL33 14.1 (2.16) 17.67 (2.51) 
CL35 16.7 (2.19) 21.03 (2.67) 
0L56 35.4 (3.36) 5.58 (1.56) 
0L66 4.4 (1.46) 11.45 (2.29) 
0L96 4.5 (1.26) 7.49 (1.83) 
P3 41.4 (3.45) 10.34 (2.13) 
FA6 67.8 (4.21) 15.62 (2.67) 
G2 3.7 (1.30) 12.26 (2.46) 
TAI 53.9 (3.55) 18.63 (2.45) 
LSO 	 (1.22) 	 (1.08) 
Appendix 5: Overall similarity matrix based on combined qualitative and quantitative data obtained from 
-Finger print grouping, immune diffusion rGaction, nodulation data and mean dry weight production 
of white clover plants related to the sixteen strains of Rhizobium tn-Foul. 
Strain % Similarity 
CLO3 
OLIO 96.7 
CLI2 75.9 79.1 
CL2I 58.9 58.0 59.0 
CL24 58.9 59.8 58.6 34.5 
0L25 75.4 76.3 75.3 51.0 62.7 
CL27 59.1 60.3 61.3 38.3 95.4 61.6 
CL33 82.8 79.6 75.5 76.0 58.5 75.0 58.8 
CL35 64.7 62.6 58.5 43.0 91.5 56.9 90.4 65.0 
CL56 44.3 47.6 49.7 50.0 41.9 41.7 45.7 43.9 43.6 
CL66 58.1 59.0 57.7 33.7 65.8 44.9 61.7 57.7 57.4 24,4 
CL96 60.8 60.8 56.7 36.4 97.8 60.8 94.9 60.4 93.4 41.7 64.0 
P3 50.0 53.2 56.9 49.6 49.1 48.9 52.0 49.6 49.2 56.4 31.6 47.4 
FA6 44.3 47.6 50.7 42.1 42.9 42.7 46.4 43.9 43.6 48.8 25.4 41.8 75.2 
G2 68.1 64.8 60.7 61.8 51.3 64.8 49.3 68.5 52.2 45.7 50.9 53.5 34.7 	29.1 
TAI 38.6 39.6 35.4 26.1 32.8 49.3 33.2 38.2 37.8 29.4 32.0 34.7 38.2 	39.1 	23.4 
CL03 CLI0 CLI2 CL2I CL24 CL25 CL27 CL33 CL35 CL56 CL66 CL96 P3 	FAG 	G2 	TM 
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Appendix 6: Mean output ratios of nodules. occupancy (strain A: strain 
B in nodules) produced for each. input ratio (strain A: 
strain B in the inoculum) and pH treatment (see 
Chapter 4, section 3). 
CL03-E : CL25-S 
Nutrient Solution pH 5.0 5.5 6.0 6.5 
Input Ratio 
20:1 1.00 0.15 0.50 1.40 
15:1 1.40 0.63 0.88 0.25 
10:1 0.25 0.50 1.00 1.00 
5:1 11.17 0.38 0.86 1.00 
1:1 1.00 1.00 1.00 0.10 
1:5 0.43 0.63 1.00 0.10 
1:10 0.25 0.07 0.71 1.80 
1:15 0.11 0.25 1.67 0.07 
1:20 0.10 0.30 0.13 0.05 
CLEI3-E 	: 	CL56-K 
Nutrient Solution pH 5.0 5.5 6.0 6.5 
Input Ratio 
20:1 5.011 5.00 10.00 4.00 
15:1 1.00 3.00 1.00 12.00 
10:1 2.00 2.00 2.50 0.10 
5:1 0.20 1.50 0.50 5.00 
1:1 0.13 0.67 2.00 1.00 
1:5 1.00 1.00 1.50 4.00 
1:10 0.57 0.38 0.07 0.07 
1:15 0.40 0.09 0.13 0.88 
1:20 0.14 0.40 0.05 0.05 
CL03-E : 	HP  
Nutrient Solution pH 5.0 5.5 6.0 6.5 
Input Ratio 
20:1 0.39 0.91 10.00 8.00 
15:1 0.78 13.00 1.33 20.00 
10:1 4.00 0.50 2.33 10.00 
5:1 7.00 10.00 3.50 1.50 
1:1 1.00 0.29 1.00 1.00 
1:5 0.43 5.00 1.00 0.25 
1:10 0.60 4.00 3.50 0.33 
1:15 0.33 0.75 7.00 0.07 
1:20 0.17 1.00 1.59 1.00 
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Appendix 6: continued. 
d) 0L25-5 : HP  
Nutrient Solution pH 	5.0 
	











e) CLSB-K : HP  
Nutrient Solution pH 
13.00 2.20 25.00 7.50 
6.00 0.80 3.00 3.00 
15.00 15.00 15.00 15.00 
15.00 10.00 2.50 8.00 
0.11 6.00 1.00 1.00 
0.40 0.20 1.00 2.67 
1.00 0.25 3.50 0.07 
0.40 0.05 11.00 1.00 
1.00 0.25 1.00 0.42 











10.00 1.50 5.00 10.00 
10.00 1.75 11.00 4.50 
3.00 7.00 2.33 1.50 
9.00 10.00 0.50 0.80 
0.50 0.33 0.20 1.00 
0.25 0.25 0.50 1.75 
0.10 0.17 0.14 0.20 
0.11 0.75 0.20 0.20 
0.07 0.06 1.25 0.46 
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Appendix 7: Mean number of nodules produced on each set of white 
clover clones Cgenotypes) by two paired-strain inocula 
composed of 3 different strain ratios. 
Host Clone/Genotype GI G3 G4 G5 
Strain Comparison Input Ratio 
CL03-E : CL25-S 10:1 10.7 38.3 25.3 12.0 
1:1 21.5 39.0 16.7 28.0 
1:10 13.7 25.0 23.0 14.7 
CL25-S : HP  10:1 14.3 32.3 21.3 36.0 
1:1 20.3 32.3 18.7 26.0 
1:10 15.3 42.0 37.9 12.0 
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Appendix 8: Mean output ratios (ratio of strains in nodules) for 
two paired strain comparisons inoculated onto 4 different 
sets of white clover clones at 3 inoculum ratios (input 
ratios). 
a) CL25-S : CL03-E 
Input Ratio 	 10:1 	 1:1 	 1:10 
Genotype/Clone 
Code 
GI 5.09 1.76 0.79 
G3 3.57 2.50 1.67 
G4 6.25 2.86 1.69 
G5 3.45 2.50 1.43 
b) 	CL25-S 	: 	 HP  
Input Ratio 10:1 1:1 1:10 
Genotype/Clone 
Code 
GI 5.09 1.76 0.79 
G3 4.84 2.29 0.63 
G4 4.98 1.84 0.56 
G5 6.07 1.18 0.54 
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Appendix 9: Mean percentage occurence in nodules, of strains used 
in paired competition trials, and inoculated, onto plants 
grown at two temperature regimes, as four different input 
ratios (ratio of strain A:strain B in inoculum). 
 CL03-E + CL25-S % nodulation 
Strain Temperature Input Ratio LSD 
(Day time) 10:1 5:1 1:5 1:10 (P<0.05) 
CL03-E 20°C 67.5 55.0 20.9 18.7 10.6 
10°C 64.6 44.6 32.6 22.2 12.8 
CL25-S 20°C 32.5 45.0 79.1 81.3 10.6 
10°C 35.4 55.4 67.4 77.8 12.8 
 CL03-E + CL56-K % nodulation 
Strain Temperature Input Ratio LSD 
(Day time) 10:1 5:1 1:5 1:10 [P<0.05) 
CL03-E 20°C 76.6 62.0 40.4 29.5 23.3 
1000 76.9 64.8 37.4 29.5 21.4 
CL56-K 20°C 23.4 38.0 59.6 70.5 23.3 
10° C 23.1 35.2 62.6 70.5 21.4 
 CL03 + HP  % nodulation 
Strain Temperature Input Ratio LSD 
(Day time) 10:1 5:1 1:5 1:10 (P<0.05) 
CL03 20°C 67.6 57.3 43.8 32.5 10.9 
10°C 76.2 61.2 37.8 21.7 6.0 
HP 20°C 32.4 42.7 56.2 67.5 10.9 
10°C 23.8 38.8 62.2 78.3 6.0 
 CL25-S + HP  % nodulation 
Strain Temperature Input Ratio LSD 
(Day time) 10:1 5:1 1:5 1:10 (P<0.05) 
CL25-S 20° C 71.8 67.2 42.4 44.8 22.3 
10°C 81.7 63.3 59.7 26.7 17.7 
HP 3 20°C 28.2 32.8 57.6 55.2 22.3  
10°C 18.3 36.7 40.3 73.3 17.7 
Appendix 9: continued. 
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HP 	 20°C 
10°c 
% ncdu1ation 
Input Ratios, LSD 
10:1 5:1 1:5 1:10 (P<0.05) 
79.7 56.5 32.1 26.5 17.0 
77.8 60.1 46.2 26.6 12.6 
20.3 43.5 67.9 71.5 17.0 
22.2 39.9 53.7 73.4 12.6 
216 
Appendix 10: The effect of liming and type of Rhizobium 
application on mean pH values of tke 
Glensaugk experimental plots at three sampling 
dates. 
+ Lime = Lime added at 5 t ha 
- Lime = No lime added 
S = Spray applied inoculum 
P = Granular peat based inoculum 
Date 	Lime addition 	Inoculum type 	Mean pH 
June 1982 	 - S 5.55 
- P 5.04 
+ S 5.47 
+ P 5.46 
October 1982 	- S 5.60 
- P 5.67 
+ S 5.86 
+ P 5.61 
May 1983 	 - S 6.02 
- p 5.73 
+ 5 6.39 
+ P 6.33 
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Appendix 11: Continued. 
Sample 	Lime Inoculant Strain Mean % Mean Mean soil 
date level type nodule rhizosphere populations 
occupancy populations CLo1 0 Nos 
(Log10 Nos g 1 air 
g 1 air dried soil) 
dried 
material) 
October -.1982 	+ S CL03E 10.1 7.773 5.396 
+ S CL25-S 2.0 6.416 4.814 
+ S CL56-K 2.0 7.476 4.928 
+ S HP 3 0.7 4.887 3.680 
+ S Others 85.2 8.690 7.270 
+ P CL03-E 8.7 7.626 5.358 
+ P CL25-S 9.3 7.030 5.260 
+ P CL56-K 8.7 7.412 - 4.878 
+ P HP3 9.3 5.354 4.306 
+ P Others 64.0 8.602 7.101 
May 1983 	- S CL03-E 5.3 7.340 5.333 
- S CL25-S 1.3 6.133 5.017 
- S CL56-K 3.3 6.671 5.115 
- S HP3 2.0 5.205 3.957 
- S Others 88.1 8.434 6.844 
- P CL03-E 6.3 7.541 5.070 
- P CL25-S 2.0 6.265 5.006 
- P CL56-K 6.0 6.264 5.061 
- P HP3 1.7 5.573 3.773 
- P Others 84.0 8.670 6.670 
+ S CL03-E 4.0 7.308 5.695 
+ S CL25-S 4.0 6.489 5.113 
+ S CL56-K 3.3 6.822 5.236 
+ S HP3 0.7 5.134 3.894 
+ S Others 86.0 8.413 6.737 
+ p CL03-E 5.3 7.018 5.076 
+ P 1125-S 8.0 6.267 5.176 
+ P CL56-K 5.3 6.268 5.165 
+ P HP3 2.0 5.553 4.627 
+ P Others 79.4 8.115 6.458 
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Appendix 11: The effect of liming and type of inoculant on mean nodule 
occupancy, rhizosphere populations and non-rhizosphere 
soil populations of 4 introduced strains., and indigenous 
strains of Rhizobium trifolii in the Glensaugh 
experimental plots.at three sample dates. 
Lime levels: + = 5 t ha; - = No lime applied. 



















9 1 air 
dried soil) 
June 1982 	- S CL03-E 10.2 8.299 4.G66 
- S CL25-S 7.2 7.427 5.065 
- S CL56-K 1.7 7.699 5.228 
- S HP3 4.0 6.258 3.476 
- S Others 76.9 9.169 6.211 
- P CL03-E 7.6 7.695 4.693 
- P CL25-S 28.0 7.983 5.066 
- P CL56-K 11.6 7.514 5.072 
- P HP3 3.1 6.337 3.899 
- P Others 49.7 8.798 6.274 
+ S 0L03-E 5.8 7.780 4.114 
+ S 0L25-S 15.0 7.156 4.745 
+ S 0L56-K 4.0 7.504 4.867 
+ S HP3 1.4 5.991 3.290 
+ S Others 73.8 8.613 6.331 
+ P CL03-E 6.1 8.008 4.532 
+ P CL25-S 15.3 7.884 5.185 
+ P CL56-K 1.3 7.132 5.228 
+ P HP3 2.7 6.241 3.898 
+ P Others 74.6 8.619 6.167 
October 1982 	- S CL03-E 8.7 7.552 5.228 
- S 0L25-S 5.4 6.672 5.254 
- S CL56-K 2.7 7.389 4.751 
- S HP3 2.0 4.611 3.773 
- S Others 81.2 8.585 6.147 
- P 0L03-E 12.0 7.474 5.309 
- P CL25-S 3.3 7.106 5.609 
- P 0L56-K 4.7 5.171 5.086 
- P HP3 4.0 5.414 4.22cJ 
- P Others 76.0 8.676 7.188 
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Appendix 12: Variations between plots, in the results of 
soil analyses on the third set of samples 
(May 1983), from the Glensaugh field experiment 
(chapter 5). 
Lime treatments; - = No lime, + = Limed at 5 t ha 1 
Inoculum treatments; S = Sprayed inoculum 










(means) mg/100 g soil 
NHP 	K 	Al 
1 - S 5.52 1.42 0.91 13.20 7.53 
2 + S 6.39 1.23 0.69 12.20 10.83 
3 + P. 6.17 1.19 1.19 12.0 8.87 
4 - P 5.43 1.07 0.74 12.0 7.69 
5 - P 5.22 0.76 1.13 18.8 7.03 
6 + P 5.93 0.96 2.33 12.6 4.11 
7 - S 5.80 1.05 2.95 22.8 3.64 
8 + S 6.09 1.69 3.13 17.0 2.90 
9 + S 6.26 2.08 2.87 16.2 5.12 
10 - P 6.09 1.96 3.37 20.8 2.72 
11 + P 6.56 1.67 4.25 13.0 3.70 
12 - S 6.30 4.23 4.02 14.8 3.59 
